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DEVELOPMENT AND TESTING OF 
LIQUID METAL FILM THICKNESS INSTRUMENTATION 

ABSTRACT 

An existing AiResearch transducer for measuring relative I 
shaft motions, within a 600°F alkali-metal environment, was upgraded 
to measure potassium films at temperatures from 60O0 to 1000°F, 
Various combinations of transducer and journal materials, effects of 
coil and wire diameters, temperature, .frequency, and holder material 
were investigated to pinpoint key parameters affecting probe sensi- 
tivity, Based on these studies, probes were fabricated, tested to 
800°F, 14,000 rpm and found to have sensitivities from 0,040 to 
0,099 v/mil, using a secondary-to-primary coil-turns ratio of 1 - 5 ~ 1 ~  
A1203 coil 
silver wire coated with ceramicite insulation, This combination of 

cores of 0,46-ina dia were wound with No, 36 Ni-clad 

materials provides stable resistivity with time at high temperatures, 
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1. SUMMARY 

The primary i n t e n t  of t h i s  program was t o  upgrade an e x i s t i n g  
AiResearch-developed device  f o r  measuring t h e  r e l a t i v e  motion of a 
jou rna l  w i th in  a bear ing  i n  an a lka l i -me ta l  system. The transduceu 
set was upgraded t o  ope ra t e  under t h e  fol lowing condi t ions :  

Lubricant  600' t o  l O O O O F  potassium 
Turbine speeds Up t o  2 4 , 0 0 0  rpm 
Resolut ion 0 .00005  i n .  
Materials: 

Housings 

Journa ls  

Tungsten carb ide  (K-96) 
316 s t a i n l e s s  s teel  
T-111  

Tic-1OCb 

TZM 

Tungsten ca rb ide  (K-96) 
Tic-1OCb 

During Task I,  t h e  t ransducer  was ex tens ive ly  examined using a 
computer-evaluated m a t h e m a t i c  model and l a t e r  u t i l i z i n g  t e s t  t r ans -  
ducers  and a bench t e s t / c a l i b r a t i o n  r i g ,  S p e c i f i c  conclusions 
regarding design and o p e r a t i o n a l  v a r i a b l e s  a r e  summarized i n  Table 1. 

T h e  f i n a l  t ransducer  r e f l e c t e d  these conclusions i n  i t s  design;  
a s su r ing  a r e l i a b l e  device of reasonably optimum s e n s i t i v i t y .  

Task I1 involved des ign  and development of t es t  hardware sub jec t -  
ing candidate  probe des igns  t o  t h e  fol lowing requirements:  

( a )  Temperature v a r i a t i o n  from ambient t o  L O O O O F  
e 

(b )  Rota t iona l  speed from 0 t o  2 5 , 0 0 0  rpm a t  temperature 

APS-5357-R 
Page 1 
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(c)  Measurement of motion of t h e  s h a f t  i n  two mutually 
perpendicular  p lanes  t o  an accuracy of ~ 0 , 0 0 0 0 5  i n ,  

(d )  A p p l i c a b i l i t y  t o  r e f r ac to ry -a l loy  material  combinations 

F ina l  probes des igns  w e r e  c a l i b r a t e d  wi th  t h i s  equipment t o  a sens i -  
t i v i t y  range of 0.040 t o  0.099 v o l t s  pe r  m i l  of  s h a f t  displacement ,  

Task I11 s a w  t h e  f a b r i c a t i o n  of fou r  t ransducer  sets for t h e  
500 h r  turbodynamic tes t .  The f i n i s h e d  c o i l s  employed a 1.5:1 
secondary-to-primary c o i l  t u r n  r a t i o ,  winding No. 36 Ni-clad s i l v e r  
w i r e  w i t h  ceramicite i n s u l a t i o n ,  225 and 1 5 0  t u r n s ,  r e spec t ive ly ,  
around a 90  percent  A 1 2 0 3  core .  
r e s i s t a n c e  s t a b i l i t y  t e s t i n g  a t  lOOOOF temperature  ind ica t ed  t h a t  

e i t h e r  N o .  36 ceramic- insulated Ni-clad s i l v e r  w i r e  o r  N o .  36 aluminum 
w i r e ,  A 1 2 0 3  insulated,were s u f f i c i e n t l y  r e l i a b l e  a t  t h e  e l eva ted  
temperatures  e 

Approximately 3200 h r  t o t a l  of 

The co i l  p a i r s  w e r e  then balanced e l e c t r i c a l l y  a t  l O O O O F  tempera- 
t u r e  by s e l e c t i v e  t u r n  removal u n t i l  a n u l l  vo l tage  r e s u l t e d  between 
t h e  two-series-opposed connected secondary coils. The balanced probe 
sets w e r e  then  mounted i n t o  s h i e l d i n g  holders  and f i t t e d  w i t h  connec- 
t o r s  f o r  i n s t a l l a t i o n  and c a l i b r a t i o n  wi th in  t h e  turbodynamic t es t  
loop. 

Task I V  w a s  t o  have been concluded by a milestone-type 500 h r  
endurance t e s t  a t  lOOOOF potassium tempera tures .  T h e  loop w a s  com- 
p l e t e l y  inspec ted  and a l l  ques t ionable  components r e b u i l t  o r  rep laced ,  
Por t ions  of t h e  turbodynamic t u r b i n e  and bear ing  r i g  w e r e  modified t o  
improve probe reading  r e l i a b i l i t y  and a c c e s s i b i l i t y ,  Four s e t s  of 
probes w e r e  i n s t a l l e d  and calibrated i n  t he  u n i t ,  Full s teady  s t a t e  
b o i l i n g  condi t ions  w e r e  achieved i n  the loop and t e s t i n g  w a s  begun; 

APS -5 357 -R 
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howeverg several blockages w e r e  experienced i n  var ious  loop sub-e i rcu i tE  
and repeated a t tempts  t o  c l e a r  t h e  l i n e s  w e r e  unsuccessful. A t  t h i s  

p o i n t ,  f u r t h e r  tests w e r e  deferred by t h e  NASA program manager, 

APS -53  57-R 
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2 INTRODUCTION 

The NASA-Lewis  Research Center  i s  c u r r e n t l y  i n v e s t i g a t i n g  t h e  
dynamic c h a r a c t e r i s t i c s  of  a lka l i - l i qu id -me ta l - lub r i ca t ed  f l u i d - f i l m  
bear ings  f o r  a p p l i c a t i o n  i n  space power turbomachinerye Long l i f e  and 
high r e l i a b i l i t y  i n  potassium Rankine cyc le  turbomachinery u l t i m a t e l y  
depends upon t h e  development of s t a b l e  ro tor  bear ing  systems. 

Such development i n  t u r n  depends upon ins t rumenta t ion  capable of 
monitor ing bea r ing  f i l m  th i cknesses  and s h a f t  motions w i t h i n  a high 
temperature ,  a l k a l i  m e t a l  environment, 

Accordingly, t h i s  program w a s  intended t o  des ign ,  f a b r i c a t e ,  and 
t e s t  a f i l m  th i ckness  measuring device f o r  eventua l  a p p l i c a t i o n  i n  
space power conversion turbomachinery. The s p e c i f i c  requirements of 
t h e  program involved upgrading an e x i s t a n t  AiResearch t r ansduce r  
device such t h a t  it would be capable  of s a t i s f y i n g  t h e  fol lowing 
requirements:  

Opera t iona l  l i f e  of 2000  h r  i n  ambient o r  l i q u i d  potassium 
environments f r o m  600- t o  l O O O O F  

Frequency response: 0 t o  2000 Hz 

Accuracy of  measurement: +0,000050 i n ,  f o r  f i l m  changes up 
t o  0 .005  i n ,  a t  s h a f t  r o t a t i o n a l  speeds up t o  2 4 , 0 0 0  rpm or  
+1 percen t  f o r  f i l m  changes up t o  0 ,050  i n ,  

Prec is ion:  The c a l i b r a t i o n  of any one instrument  w i t h i n  
5 percen t  of t h a t  of any o t h e r  ins t rument  

Zero s h i f t :  Zero s h i f t  w i th  temperature  no t  exceeding 
0 . 0 1  pe rcen t  of f u l l  scale p e r  degree 

APS -5 3 57-R 
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cons idera t ions  such a s  compa t ib i l i t y  w i  h igh s t r e n g t h  
jou rna l  materials, space environmental  requirements (high vacuum), and 
m a i n t a i n a b i l i t y  w e r e  t o  be accounted f o r ,  

Severa l  geometries,  primary-to-secondary c o i l  w i r e  t u r n s  r a t i o s p  
coi l -wire  and core  material v a r i a t i o n s  w e r e  t o  be explored a n a l y t i c a l l y  
and experimental ly  i n  o rde r  t o  achieve a reasonably optimum f i n a l  
conf igura t ion  

AiResearch background l ead ing  t o  t h e  c u r r e n t  work began i n  1 9 6 4  

during t h e  USAF/AEC SNAP 50/SPUR program wi th  t h e  need €o r  a dynamic 
f i lm-thickness  measuring device.  This device w a s  used t o  monitor 
s h a f t  motions i n  t h e  600'F potassium working f l u i d  turb ine /bear ing  
test  u n i t  shown i n  Figure 1. Operating t h i s  device over  a three yea r  
per iod enabled accumulation of extremely u s e f u l  dynamic performance 
d a t a  on potassium l u b r i c a t e d  bear ings ,  Monitoring r o t o r  excursion 
during a l l  modes of opera t ion  could n o t  have been obtained from com- 
ponent i n spec t ion  be fo re  and a f t e r  t h e  tes t ,  o r  o t h e r  i n d i r e c t  measure- 
ments during t h e  t e s t  such as v i b r a t i o n ,  pressure  pe r tu rba t ions ,  f low 
r a t e  v a r i a t i o n s ,  e tc .  

Ana ly t i ca l  work during t h e  p re sen t  program w a s  a s s i s t e d  by an 
AiResearch-modified r e l a x a t i o n  s o l u t i o n  technique o r i g i n a t e d  by 
C,V, Dodd i n  a paper e n t i t l e d  "Solut ion t o  Electromagnetic Induction 
Problems I " Oak Ridge Nat ional  Laboratory (ORNL) Report TM-1842 , 
June 1 9 6 7 .  

APS -5 3 5 7 -R 
Page 6 



lRESEARCH MANUFACTURING EBMPANY OFARIPBNA 
A DIVISION OF THE GARRETT CORPORATION 

MP-12975 

TURBODYNAMIC BEARING TEST 
COMPONENTS 

F I G U F U  1 

A P S  -5 3 57 -R 
Page 7 



AlR,ESEAWCH MANLSFACPMRING CCBMPANY OF ARIZONA 
A DIVISION O F  THE GARRETr CORPORATION 

3 ,  DISCUSSION OF RESULTS 

The o b j e c t i v e  of t h i s  program has been t o  upgrade an e x i s t i n g  
AiResearch-developed device f o r  measuring t h e  r e l a t i v e  motion of a 
jou rna l  w i th in  a bear ing  i n  an a lka l i -me ta l  system. The e x i s t i n g  
device w a s  developed t o  monitor s h a f t  excursion i n  a 24,000-rpm 600°F 
potassium-lubricated-bearing t e s t  t u r b i n e  t o  a r e s o l u t i o n  of 0 . 0 0 0 1  i n .  
The program has requi red  t h a t  t h e  instrument  be upgraded t o  ope ra t e  
under the  fol lowing condi t ions :  

Lubricant  
Turbine speeds 
Resolution 
Mater ia l s :  

Housings 

Jou rna l s  

600  t o  l O O O O F  potassium 
U p  t o  2 4 , 0 0 0  rpm 
0 , 0 0 0 0 5  i n ,  

Tungsten carb ide  (K-96) 

3 1 6  s t a i n l e s s  s t ee l  
T-111 

Tic-1OCb 

T Z M  

Tungsten carb ide  (K-96)  

Tic-1OCb 

The f i n a l  instrument  can f igu ra t ion  (Figure 2)  i s  of t h e  eddy- 
c u r r e n t  t ransducer  t ype ,  When a c o i l  of w i r e  ca r ry ing  an a l t e r n a t i n g  
c u r r e n t  i s  placed near  a conducting m a t e r i a l ,  eddy c u r r e n t s  are gener- 
a ted  so a s  t o  oppose t h e  e x c i t i n g  c u r r e n t  i n  t h e  c o i l  and cause a 
change i n  t h e  magnetic f i e l d ,  This change i n  t h e  magnetic f i e l d  
which i s  measured by a second c o i l  placed i n  t h e  f i e l d ,  i s  a func t ion  
of t h e  conduct iv i ty  of t h e  m a t e r i a l  near  t h e  c o i l ,  t h e  d i s t a n c e  
between t h e  m a t e r i a l  and t h e  c o i l ,  and t h e  geometry of t h e  conf igura t ion .  

APS - 5 3 5 7 -R 
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To f a c i l i t a t e  development of t h e  device t h e  program w a s  broken 
i n t o  four  b a s i c  t a sks :  

Task  I - Film-Thickness Transducer Analysis 
Task I1 - Film-Thickness Transducer Bench Tes t ing  
Task I11 - F i n a l  Transducer Fabr i ca t ion  
Task I V  - 500-Hour Potassium T e s t  ( inc luding  turbodynamic 

t e s t - t u r b i n e  and t e s t - loop  modi f ica t ion)  

3 .1  Task I 

An e x i s t i n g  computer program w a s  modified and checked o u t  f o r  
analyzing candidate  t ransducer  conf igu ra t ions .  The program is  based 
on electromagnet ic  a n a l y s i s  techniques discussed by C.V, Dodd i n  a 
paper e n t i t l e d  "Solu t ion  t o  Electromagnetic Induct ion Problems I " 

Oak Ridge Nat ional  Laboratory (ORNL) Report TM-1842, June 1 9 6 7 ,  

Transducer design v a r i a b l e s  over t h e  ranges shown below w e r e  t o  
be analyzed w i t h  t h e  i n t e n t  of i d e n t i f y i n g  t h e  combination providing 
optimum s e n s i t i v i t y :  

TmNSDUCER DESIGN VARIABLES 

Coi l  diameter:  

Wire diameter:  

Temperature: 

Applied frequency: 

Window mater i a1 : 

Window t h i c k n e s s :  

S h a f t ,  bear ing and jou rna l  o r  
s l eeve  mater ia l :  

Bearing jou rna l  o r  s l eeve  th ickness :  

F l u i d :  

0,2 t o  0.75 i n ,  

0 , 0 0 3  t o  0,005 i n ,  

600  t o  l O O O O F  
4 10 to l o 6  HZ 

T-lllf SS-316, WC, TiC-1OCb 

0 , 0 1 0  t o  0 .050  i n ,  

WC, Tic- lOCb,  T Z M  

0 , 1  t o  0 .5  i n .  

Potassium l i q u i d  and vapor 

APS - 5 3 5 7 -R 
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Unfortunately,  extremely long computer run t i m e s  a t  each f i l m  
th i ckness  p o i n t  precluded ex tens ive  a n a l y s i s .  Therefore ,  t h e  remainder 
of Task I w a s  supplemented with experimental  tests which served t o  
p o i n t  ou t  t h e  optimum conf igura t ion  shown i n  Figure 2.  With regard t o  
t h e  design parameters i n  Table 2 t h e  fol lowing t r ends  w e r e  observed: 

C o i l  Diameter and Configurat ion - An optimized c o i l  configu- 
r a t i o n  w a s  found t o  be one with a secondary t o  primary t u r n  
r a t i o  of 2:1 o r  2.5:1 r ega rd le s s  of t h e  f i l m  r e s i s t i v i t y .  
The s e n s i t i v i t y  was found t o  be a weak func t ion  of secondary 
and primary co i l  diameter changes with a high r e s i s t i v i t y  
f i l m .  With a l o w - r e s i s t i v i t y  f i l m ,  however, t h e  s e n s i t i v i t y  
w a s  found t o  vary about 1O:l from 0.250 i n ,  diameter t o  
0.500 i n .  diameter favor ing  t h e  l a r g e r  diameters.  

W i r e  D i a m e t e r  - Due simply t o  d u r a b i l i t y  a t  temperature ,  
N o .  36 w i r e  s i z e  w a s  chosen, During extended lOOOOF t e m -  
p e r a t u r e  runs,  N o .  38 and N o .  40 w i r e  s i z e s  i nd ica t ed  h o t  
s p o t s  and an increased  r e s i s t i v i t y  w i t h  t i m e .  

Temperature E f f e c t s  - Between 600-  and 1 2 0 0 ° F ,  t ransducer  
s e n s i t i v i t y  appeared t o  be r e l a t i v e l y  cons tan t  when monitor- 
i n g  a TZM s h a f t .  

Applied Frequency - Since t h e  sensing c o i l s  a r e  wired i n  
series oppos i t ion  and t h e  induced vol tages  a r e  r e l a t i v e ,  no 
pronounced e f f e c t  of frequency on s e n s i t i v i t y  w a s  observed, 
Most t e s t i n g  w a s  done with an appl ied  frequency of 20  kHz. 

Window Mater ia l  and Thickness - F i n a l  window conf igura t ions  
are nominally 0 , 0 1 1  i n .  t h i c k  and f a b r i c a t e d  from 316SST, 
K-96, T -111  and Tic-lOCb, With a l o w - r e s i s t i v i t y  f i lm ,  an 
inc rease  i n  window th ickness  has a g r e a t e r  e f f e c t  i n  reduc- 
ing  t h e  s e n s i t i v i t y  than  wi th  a high r e s i s t i v i t y  f i lm .  

APS-5357-R 
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( f )  Sleeve Mate r i a l  - Data was taken f o r  s l eeve  r e s i s t i v i t i e s  
from T Z M  a t  6 . 7  pohm-cm to T i  Q A 1  4V a t  176  pohm-cm. Insu- 
l a t i n g  s l e e v e s  were a l s o  examined along w i t h  T - l l l #  Tic-1OCb 
and Inco X, Within t h e  temperature range examinedp ( 2 0 0  t o  
l l O O ° F ) ,  potassium r e s i s t i v i t y  v a r i e s  from 10.2-  t o  52-0 
pohm-cm, D e f i n i t e  s e n s i t i v i t y  t r ends  w e r e  observed--most 
based on t h e  f i lm-to-s leeve r e s i s t i v i t y  r a t i o .  

A t  low f i lm-to-s leeve e lectr ical  r e s i s t i v i t y  r a t i o s ,  s ens i -  
t i v i t y  i s  p r imar i ly  a func t ion  of f i l m  th ickness  changes only ,  A t  

high f i lm-to-s leeve r e s i s t i v i t y  r a t i o s ,  t h e  s e n s i t i v i t y  is  p r imar i ly  a 
func t ion  of the  s l e e v e  motion wi th  some decrease i n  s e n s i t i v i t y  from 
c o i l  s h i e l d i n g  by t h e  f i l m .  Thus, with s l eeve  r e s i s t i v i t i e s  g r e a t e r  
than 70 pohm-cm, t h e  s l eeve  c o n t r i b u t e s  approximately 50 percent  
o r  less t o  t h e  o v e r a l l  s e n s i t i v i t y  w i t h  h i g h - r e s i s t i v i t y  f i lms  ( i * e a f  
high-temperature K) b u t  p lays  a minor r o l e  i n  a f f e c t i n g  s e n s i t i v i t y  
w i t h  l o w - r e s i s t i v i t y  f i l m s  ( i r r e a p  low-temperature K). 

Based on Task I a n a l y s i s ,  probe f a b r i c a t i o n  and c a l i b r a t i o n  was 
accomplished under Tasks I1 and I11 using t h e  b a s i c  probe assembly 
shown i n  Figure 3 ,  

3-2  Task I1 

T h i s  t a s k  s a w  t h e  development of t ransducer  hardware and a c a l i -  
b r a t i o n  t es t  r i g  used t o  t e s t  t h e  t ransducers  under t h e  fol lowing 
o p e r a t i o n a l  requirements.  

( a )  Temperature v a r i a t i o n  from ambient t o  l O O O O F  

(b) Rota t iona l  speeds from 0 t o  2 5 , 0 0 0  rpm 

APS-5357-R - 
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(c) Measurement of  motion of t h e  s h a f t  i n  two mutually 
perpendicular  p lanes  t o  an accuracy of + O e 0 0 0 0 5  i n ,  

(d)  A p p l i c a b i l i t y  t o  r e f r a c t o r y - a l l o y  ma te r i a l  combinations 

The r i g  (Figure 4 )  c o n s i s t s  of a p r e c i s i o n  r o t a t i n g  sp ind le  
mounted i n  pneumostatic j ou rna l  bear ings .  The s h a f t  pene t r a t e s  t h e  
potassium-fil led-probe t e s t  housing through a combination mechanical 
f a c e  seal and dynamic s e a l  with an argon b u f f e r  between, The r o t a t i n g  
sp indle /bear ing  assembly i s  mounted t o  t h e  base p l a t e  through a p a i r  
of mutually perpendicular ,  l i n e a r  a n t i f r i c t i o n  ro l le rways ,  The s h a f t  
i s  dr iven  by a p l a n t - a i r - a c t i v a t e d  a i r  t u r b i n e .  

Radial  movement of t h e  p r e c i s i o n  sp ind le  i s  measured by two p a i r s  
of high-precis ion capac i tance  probes mounted i n  each a i r  bear ing.  
These capaci tance probes are c a l i b r a t e d  e x t e r n a l  t o  t h e  r i g  with 
a high-precis ion absolu te  c a l i b r a t i n g  device.  Manual movement of t h e  
sp ind le  i s  c o n t r o l l e d  by p r e c i s i o n  micrometer heads d i r e c t  reading t o  
0.000Q1 i n ,  

The fi lm-thickness-probe t e s t  head c o n s i s t s  of a cy l inde r  of t h e  
p a r t i c u l a r  housing m a t e r i a l  of i n t e r e s t ,  conta in ing  t h e  eddy-current 
c o i l  assemblies and sandwiched between two housings of a material of 
s i m i l a r  thermal expansion. T h e  assembly is  n o t  seal-welded b u t  i s  
s t a t i c a l l y  sea l ed  wi th  metal  s e a l i n g  r i n g s ,  This design f e a t u r e  
allows f o r  t h e  g r e a t e s t  degree of v e r s a t i L i t y  i n  t e s t i n g  d i f f e r e n t  
housing ( r e f r a c t o r y )  m a t e r i a l s ,  va r ious  c o i l  con f igu ra t ions ,  and 
requi red  window conf igu ra t ions ,  

The po r t ion  of t h e  r o t a t i n g  sp ind le  upon which motion i s  t o  be 
sensed i s  s e p a r a t e  from t h e  b a s i c  s p i n d l e ,  It  i s  mounted t o  t h e  
sp ind le  through a s l o t t e d  s h a f t  arrangement intended t o  compensate f o r  
d i f f e r e n c e s  i n  thermal expansion and y e t  provide p o s i t i v e  r e g i s t e r  

APS-5357-R 
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w i t h  t h e  specimen. This device i s  shown schematical ly  i n  Figure 5 ,  

The test-coil  housing i s  surrounded by a r e s i s t a n c e  clam-shell-type 
h e a t e r  t o  provide the  requi red  ambient ope ra t ing  temperature.  The 
h e a t e r  enclosure also se rves  a s  a l i g h t  vacuum o r  ine r t -gas  chamber t o  
handle potassium leakage and t o  minimize oxida t ion  i n  t h e  high- 
temperature region $ 

S o l i d ,  one-piece ins t rumenta t ion  housings w e r e  f a b r i c a t e d  f o r  t h e  

c a l i b r a t i o n  r i g  us ing  t h e  fol lowing t e s t  materials--316 SST, K-96, 

T - 1 1 1  and TiC-lOCbl 
T i c - 1 O C b  s l eeve  ma te r i a l .  

A l s o  tests w e r e  conducted using T Z M ,  A 1 2 0 3  and 

Eventual ly ,  t h e  c a l i b r a t i o n  r i g  w a s  u t i l i z e d  t o  calibrate a set 
of four  f i n a l  design probes f o r  u s e  during endurance t e s t i n g .  

C o i l  p a i r  s e n s i t i v i t y  va lues  of 0,090 volt.drni1 w e r e  recorded for  
the TZM s l e e v e  and a s e n s i t i v i t y  range of 0,090- t o  0,099 volts/rnil 
was observed f o r  an A1203  sleeve us ing  NaK as the f l u i d  f i l m ,  

Ro ta t iona l  t e s t i n g  a t  room temperature revealed cons t an t  s ens i -  
t i v i t y  w i t h  speed. 

C a l i b r a t i o n  of t h e  fou r  probes f o r  t h e  endurance run revealed t h e  

s e n s i t i v i t i e s  shown i n  Figure 6 .  

3 ,3  Task I11 

T h i s  t a s k  r equ i r ed  t h e  design and f a b r i c a t i o n  of f i lm-thickness  
probes f o r  use i n  t h e  500  h r  endurance t e s t ,  The f i n a l  probe design 
employs a 1 , 5  secondary-to-primary c o i l  t u r n s  r a t i o  and was shown i n  
Figure 2, Geometry and dimension evolved from experimental  and 
a n a l y t i c a l  op t imiza t ion  s t u d i e s  w h i l e  high temperature r e s i s t a n c e  
s t a b i l i t y  tests d i c t a t e d  t h e  optimum combination of c o i l  w i r e  m a t e r i a l ,  
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gauge, i n s u l a t i o n ,  p o t t i n g  compound and connector des ign .  Number 36 

aluminum oxide-coated aluminum w i r e  o r  Ceramici te- insulated Ni-clad 

w i r e  both o f f e r  high-temperature r e s i s t a n c e  s t a b i l i t y  (during 2200 h r  

of t e s t i n g  a t  1000OF) w i t h  t h e  aluminum w i r e  s l i g h t l y  m o r e  amenable 
t o  high temperature condi t ions ,  Aluminum, however, may have a tend- 
ancy t o  “outgas” i n  t h e  hard vacuum of space.  Therefore a l l  t r ans -  
ducers  w e r e  wound w i t h  t h e  Ni-clad s i l ve r  w i r e  us ing a 90  pe rcen t  
A1203  core  po t t ed  wi th  PBX ceramic cement. 

A t y p i c a l  brace of t ransducers  i s  f a b r i c a t e d  by winding t h e  

ground A1203 core  wi th  t h e  appropr i a t e  number of w i r e  t u r n s  then  con- 
nec t ing  t h e m  as follows: 

0 20 kHz primary e x c i t o r  

0 Primary c o i l s  i n  series 

0 Secondary c o i l s  i n  series oppos i t ion  

0 D i g i t a l  vo l tmeter  reading n e t  secondary output  

The  co i l s  a r e  temperature cycled and balanced by s e l e c t i v e l y  
removing t u r n s  t o  b r i n g  about a null secondary vol tage  reading,  When 

s u i t a b l y  Balanced t h e  c o i l s  are placed i n  holder- lead w i r e  assemblies 
(Figure 7 )  and f i n a l - c a l i b r a t e d ,  

Coi l  s e n s i t i v i t i e s  i n  t h e  range of 0 , 0 9 0  t o  0-10 vo l t s /mi l  w e r e  
d us ing  t h i s  p rocess s  All c o i l  se tsp inc luding  t h e  4 sets 

c a l i b r a t e d  and ifistalled i n  t h e  turbodynamic loop w e r e  f a b r i c a t e d  i n  
t h i s  manner, 

APS-53 57 -R 
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ON 

3,4 Task I V  

The o b j e c t i v e  of Task IV w a s  a 500-hr v e r i f i c a t i o n  tes t  of  t h e  
f i n a l  f i l m  th i ckness  probe conf igu ra t ion  r e s u l t i n g  from Tasks I,  I1 

and 111. P a r t  of Task I V  involved r e fu rb i sh ing  an e x i s t a n t  potassium 
tes t  loop using a 2 4 , 0 0 0  rpm supersonic  potassium bear ing  t es t  t u r b i n e  
(Figure 8 )  developed i n  1963-64 on t h e  USAF/AEC SNAP 5O/SPUR program, 

The loop had accumulated approximately 3000  h r  with vapor temper- 
a t u r e s  up t o  135O0F and bear ing  l u b r i c a n t  temperatures up t o  60O0F. 
A l l  ques t ionable  loop components w e r e  replaced and/or r e b u i l t  t o  pro- 
v ide  maximum r e l i a b i l i t y  during t h e  500  h r  tes t .  

Unfortunately,  t h e  500 h r  t e s t  was no t  completed although fou r  
t ransducer  co i l  p a i r s  w e r e  f a b r i c a t e d ,  c a l i b r a t e d  and i n s t a l l e d  i n  t h e  
r i g o  Steady s t a t e  b o i l i n g  condi t ions  w e r e  e s t a b l i s h e d  i n  t h e  loop b u t  
soon t h e r e a f t e r  t h e  h o t  t r a p  l i n e  and bear ing  feed l i n e s  became 
plugged and repea ted  at tempts  t o  unplug them w e r e  i n  va in .  Shortage 
of funds a f f e c t e d  t h e  c a n c e l l a t i o n  of f u r t h e r  t e s t i n g  a t  t h i s  po in t .  

S u i t a b l e  probes w e r e  analyzed, designed and f a b r i c a t e d  and lack  
of a milestone-type t es t ,  while unfor tuna te ,  should not  d e t r a c t  from 
t h e  s i g n i f i c a n c e  of these advances. 
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4, ANALYTICAL DISCUSSION 

During t h e  prel iminary design phase of t h e  program, it w a s  
decided by NASA t o  undergo an ex tens ive  a n a l y t i c a l  s tudy of t r ansduce r  
design v a r i a b l e s ,  It w a s  f e l t  t h a t  t h i s  approach might speed t h e  
process  of f ind ing  t h e  optimum combination of ma te r i a l s  and geometry 
without  i n c u r r i n g  t h e  t i m e  and expense of experimental  work. Using 
computer techniques it would be poss ib l e  t o  examine a f a r  wider range 
of design variables than  would be poss ib l e  wi th  f ab r i ca t e - then - t e s t  
techniques.  

Therefore ,  Task I of t h e  program was def ined  t o  explore  t h e  
s e n s i t i v i t y  of the  t ransducer  device expressed i n  v o l t s  of probe out-  
pu t  pe r  microinch of th ickness  change 
t i v i t y  v a r i a t i o n  a s  a func t ion  of t h e  
t o  be explored: 

Design Parameters 

Coi l  diameter:  

Wire diameter:  

Temperature: 

Applied frequency: 

window mate r i a l :  

Window thickness:  

Sha f t ,  bear ing and jou rna l  o r  
sleeve ma te r i a l :  

Bearing jou rna l  o r  s l eeve  th ickness :  

Fluid fi lm: 

of t h e  potassium f i lm .  Sensi-  
fol lowing design parameters was 

Range of I n v e s t i g a t i o n  

0 - 2  t o  0 - 7 5  i n .  

0 - 0 0 3  t o  0.005 i n ,  

600 t o  l O O O O F  

1 0  t o  lo6 Hz 4 

T - l l I @  SS-316, WC., Tic-LOCb 

0 , 0 1 0  t o  0,050 i n .  

WC, T ic - lOCb ,  TZM 

0 , l t o  0 - 5  i n ,  

Potassium l i q u i d  and vapor 

Also t o  be explored was t h e  c a p a b i l i t y  of t h e  device f o r  measurement 
of change i n  r a d i a l  c l ea rance  of a s h a f t  o r  i n  a x i a l  c learance  of a 
r o t a t i n g  d i s k .  
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4,1 Basic Mathematical Model 

When a c o i l  of w i r e  c a r ry ing  an a l t e r n a t i n g  c u r r e n t  i s  placed 
near  a conducting m a t e r i a l ,  eddy c u r r e n t s  are induced i n  t h e  conduct- 
i ng  material. These eddy c u r r e n t s  are generated so a s  t o  oppose t h e  
magnetic f i e l d .  The change i n  t h e  magnetic f i e l d ,  which can be mea- 
sured by a second c o i l  i n  t h e  field is a func t ion  of t h e  conduct iv i ty  
of t h e  material near  t h e  co i l ,  the  d i s t a n c e  between t h e  material and 
t h e  c o i l ,  and t h e  shape and s i z e  of t he  material. 

The a n a l y s i s  of t h e  ins t rumenta t ion  r e q u i r e s  t h a t  t h e  func t iona l  
r e l a t i o n s h i p  between t h e  parameters of t h e  c o i l  system--i .e ., , resist- 
ance,  inductance,  and co i l  s i z e  and the  conduct iv i ty  and permeabi l i ty  
of t h e  potassium f i lm ,  t u r b i n e  s h a f t  and window material--be determined. 
A set  of equat ions have been der ived t h a t  uniquely de f ine  t h e  c o i l  
parameters as a func t ion  of t h e  environment surrounding t h e  c o i l  
system, 

The s o l u t i o n  s a t i s f y i n g  t h a t  set  de f ines  t h e  magnetic f i e l d  and 
eddy c u r r e n t s  induced i n  t h e  window and potassium f i lm .  The magnetic 
f i e l d  i s  se t  up by c u r r e n t s  r e s i d i n g  i n  t h e  c o i l .  A s o l u t i o n  for a 

given c o i l  and f i l m  conf igu ra t ion  w a s  der ived  from Maxwell's equat ions 
and O h m ' s  l a w .  The c o i l  parameters w e r e  then determined by i n t e g r a t i o n  
of t h e  magnetic f i e l d  over  t h e  c o i l  geometry. 

The d i f f e r e n t i a l  equat ion t h a t  determines t h e  magnetic f i e l d  
vec tor  B included i n  t h e  potassium f i l m  i s  given by t h e  expression:  
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2 dB 
O v  dt VB = 

where 

2 V B = divergency gradient 

CT = film conductivity 

p = permeability 

t = time 

Since the magnetic field will vary sinusoidally with time, the 
magnetic induction also varies sinusoidally and can be written 

jut B = Boe 

where 

Bo = maximum amplitude of B 

j = unit vector in the imaginary direction = 4 7  

w = 2Tf 

f = frequency 

Two approaches may be taken to solve the previous equation, Onep. 
a "closed form" solution assumes sinusoidal driving current, linear? 
isotropic and homogeneous media, These solutions are in the form of 
Bessel function integrals and while amenable to "first approximation" 
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type problems, t h i s  form d i d  n o t  lend i tself  t o  t h e  t ransducer  
ana lys i s - - l a rge ly  due t o  t h e  need f o r  p r e c i s i o n  and due t o  t h e  l a r g e  
number of material i n t e r f a c e s  inhe ren t  i n  t h i s  p a r t i c u l a r  problem. 

The second approach, and t h a t  s e l e c t e d ,  i s  t h e  r e l a x a t i o n  method 
der ived  i n  C.V. Dodd's "Solut ion t o  Electromagnetic Induct ion Prob- 
l e m s , "  Oak Ridge Nat ional  Laboratory Report ORKL-TM-1842, da ted  
June 1 9 6 7 .  

T h e  s o l u t i o n  f o r  a p a r t i c u l a r  e lectromagnet ic  conf igura t ion  i s  
obtained by de r iv ing  t h e  d i f f e r e n t i a l  equat ion f o r  t h e  magnetic vec to r  
p o t e n t i a l  from Maxwell's equat ions.  T h i s  d i f f e r e n t i a l  equat ion con- 
sists of s e v e r a l  terms t h a t  a r e  approximated by f i n i t e - d i f f e r e n c e  
equat ions .  These approximations provide a means f o r  expressing t h e  

magnetic vec to r  p o t e n t i a l  a t  a given p o i n t  i n  t e r m s  of t h e  v e c t o r  
p o t e n t i a l  a t  s e v e r a l  nearby po in t s .  T h e  computer program i s  w r i t t e n  
t o  so lve  f o r  the vec to r  p o t e n t i a l  by a r e l a x a t i o n  method. From t h e  

va lues  of t h e  vec to r  p o t e n t i a l  a t  t h e  l o c a t i o n  of t h e  f i lm-thickness  
t ransducer ,  t h e  induced vo l t age  i n  t h e  t ransducer  c o i l s  can be 
ca l cu la t ed .  

The computer model t ransducer  conf igura t ion  c o n s i s t s  of two 
coax ia l  coils--one pos i t i oned  ad jacent  t o  t h e  o t h e r p  and both posi-  
t ioned  ad jacen t  t o  s e v e r a l  l a y e r s  of ma te r i a l s  w i t h  var ious  e l e c t r i c a l  
c o n d u c t i v i t i e s ,  as shown schemat ica l ly  i n  Figure 9 .  The t ransducer  
c ros s  s e c t i o n  a s  pos i t i oned  i n  t h e  tu rb ine  i s  obtained by pass ing  a 
plane through t h e  a x i s  of t h e  t ransducer  and t h e  r o t a t i o n a l  a x i s  of 
t h e  tu rb ine  s h a f t ,  I t  i s  i d e n t i c a l  t o  t h e  a c t u a l  t ransducer  configu- 
r a t i o n .  

T h e  var ious  mesh s i z e s  were used i n  t h e  r e l a x a t i o n  procedure t o  
provide more accuracy i n  s imula t ing  t h e  v a r i a t i o n  of t h e  potassium 
f i l m  a s  a func t ion  of j ou rna l  motion i n  t h e  bear ing ,  A very coarse  
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mesh (50 x 5 0 )  was formulated,  A very s a t i s f a c t o r y  convergence was 
obtained with t h i s  mesh. A computer subrout ine  was w r i t t e n  t o  s t r e t c h  
t h e  50 x 5 0  mesh t o  a 250 x 250 mesh keeping t h e  conf igura t ion  bound- 
a r i e s  p ropor t iona l .  The r e s u l t s  from t h e  50 x 50 mesh w e r e  then  used 
a s  i n i t i a l  estimates f o r  t h e  250 x 250 mesh. A t ape  overlay method 
w a s  developed f o r  cascading t h e  a r r a y s  making poss ib l e  opera t ion  
on t h e  CDC 3400 computer without  overflowing t h e  s to rage  capac i ty .  

Versions of t h e  program (up t o  1 0 0  x 1 0 0  mesh a r r a y  without  
ex te rna l  tape  s to rage )  w e r e  used t o  c a l c u l a t e  t h e  induced t ransducer  
vol tages  f o r  600°F f i l m  th ickness  of 0 .010- ,  0,020-, and 0.030-ine 
Two s l eeve  materials w e r e  explored--tungsten-carbine with c o b a l t  
binder  (Kennametal K-96) and Ti-6A1-4V. 

I n  each case c a l c u l a t i o n s  w e r e  run t o  t h e  po in t  where e r r o r  
between t h e  l a s t  two computer i n t e r a t i o n s  w a s  0 - 0 1  percent  o r  less. 
These computer c a l c u l a t e d  induced primary vol tages  w e r e  then  used t o  
c a l c u l a t e  t h e  induced vo l t ages  i n  t h e  secondary c o i l  of t h e  t ransducer  
using t h e  mutual inductance coupling. 

For t h e  tungsten-carbide case, t h e  induced secondary vo l t age  
remained cons t an t  f o r  t h e  t h r e e  f i l m  th icknesses .  For t h e  Ti -6A1-4V 

case ,  t h e r e  w a s  an i n c r e a s e  i n  vo l t age  of 0 - 6  mv/mil over t h e  range 
of th icknesses  inves t iga t ed .  

A comparison w a s  made of c a l c u l a t e d  and experimental ly  determined 
values  of vo l t age  s e n s i t i v i t y  f o r  a t ransducer  conf igura t ion  with 
Ti-6AL-4V as t h e  s l e e v e  m a t e r i a l .  The computer-determined ( c a l c u l a t e d )  
value was 0,s mv pe r  m i l ,  where t h e  experimental  value obtained from 
d a t a  generated during t h e  SPUR bear ing  t e s t  program w a s  found t o  be 
1 . 7  mv pe r  m i l .  The d i f f e r e n c e  could be caused by d i f f e r e n c e s  i n  
geometry and can only be resolved by f u r t h e r  computer c a l c u l a t i o n ,  
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Due t o  t h e  l a r g e  computer t i m e  expense inhe ren t  i n  the  long ( 4  t o  
5 h r )  convergence t i m e s  requi red  f o r  each f i l m  th ickness  change, addi- 
t i o n a l  computer runs  w e r e  suspended by t h e  NASA Program Manager. 

Fu r the r  e f f o r t s  t o  select  and optimize t ransducer  conf igu ra t ions  
w e r e  d i v e r t e d  i n t o  an experimental  channel using simulated t ransducers  
as descr ibed  i n  t h e  next  s e c t i o n .  

4.2 Empirical  Transducer Study 

Task I o r i g i n a l l y  e n t a i l e d  t h e  use of a mathematical model t o  
analyze f i l m  th ickness  t ransducer  s e n s i t i v i t y  as a func t ion  of changes 
i n  t h e  f i l m  th ickness .  This program proved economically un feas ib l e  t o  
opera te  f o r  ex tens ive  t ransducer  a n a l y s i s ,  Extremely s l o w  convergence 
t i m e s  caused p r i n c i p a l l y  by d i s c o n t i n u i t i e s  along material i n t e r f a c e s  
r e s u l t e d  i n  computer run t i m e s  on t h e  o rde r  of 4 t o  5 h r  f o r  each f i l m -  
t h i ckness  change p o i n t .  Therefore ,  t h e  Task I phase of t h e  program w a s  
rechanneled toward an empir ica l  approach, This approach involved 
s t a t i c  bench tests varying t h e  parameters of in te res t ,  and observing 
t h e i r  e f f e c t  on t ransducer  s e n s i t i v i t y .  

The v a r i a b l e s  i n v e s t i g a t e d  included s l eeve  m a t e r i a l ,  window th i ck -  

nes s I  temperature ,  c o i l  diameter and conf igu ra t ion ,  and window curva- 
t u r e .  Ro ta t iona l  e f f e c t s  w e r e  i n v e s t i g a t e d  using t h e  c a l i b r a t i o n  
tes t  r i g ,  T h i s  i s  e s s e n t i a l l y  t h e  same v a r i a b l e  set which would have 
been examined a n a l y t i c a l l y  w e r e  it n o t  f o r  t h e  ino rd ina te  amount of 
computer expense a 

4.2.1 Summary of B a s i c  Trends 

Data taken us ing  t h e  s t a t i c  bench tests r evea l  t h e  following 
t r ends  : 
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( a )  Sleeve Mate r i a l  - A t  low film-to-sleeve e lectr ical  
r e s i s t i v i t y  r a t i o s ,  t h e  s e n s i t i v i t y  i s  p r imar i ly  a func t ion  
of f i l m  th ickness  changes only.  A t  high f i lm-to-s leeve 
r e s i s t i v i t y  r a t i o s ,  t h e  s e n s i t i v i t y  i s  p r imar i ly  a func t ion  
of t h e  s l eeve  motion with some decrease i n  s e n s i t i v i t y  from 
c o i l  s h i e l d i n g  by t h e  f i lm.  Thus, with s l eeve  r e s i s t i v i t i e s  
g r e a t e r  than 70 pohm-cm, t h e  s l eeve  c o n t r i b u t e s  approximately 
5 0  pe rcen t  o r  less t o  t h e  o v e r a l l  s e n s i t i v i t y  with high- 
r e s i s t i v i t y  f i l m s  ( i s e m ,  high-temperature K )  b u t  plays a 
minor r o l e  i n  a f f e c t i n g  t h e  s e n s i t i v i t y  with l o w - r e s i s t i v i t y  
f i l m s  ( i * e . ,  low-temperature K) e 

(b) Window Thickness - With a l o w - r e s i s t i v i t y  f i lm ,  an i n c r e a s e  
i n  window th ickness  has  a g r e a t e r  e f f e c t  i n  reducing t h e  
s e n s i t i v i t y  than  with a high r e s i s t i v i t y  f i lm ,  

(c) Temperature - The s e n s i t i v i t y  with a TZM s h a f t  should be 
r e l a t i v e l y  cons t an t  w i t h  temperature between about 600°  and 
1200OF. 

Coi l  Diameter and Configuration - An optimized co i l  configu- 
r a t i o n  w a s  found t o  be one with a secondary t o  primary t u r n  
r a t i o  of 2:1 o r  2.5~1 r ega rd le s s  of t h e  f i l m  r e s i s t i v i t y .  
With a high r e s i s t i v i t y  f i lm ,  t h e  s e n s i t i v i t y  w a s  found t o  
be a weak func t ion  of secondary and primary c o i l  diameter 
changes. W i t h  a l o w - r e s i s t i v i t y  f i l m ,  however, t h e  sens i -  
t i v i t y  w a s  found t o  vary about 1 0 : l  between c o i l  diameters 
of 0 .250-  t o  0 . 5 0 0  i n .  

(e) Window Curvature - By in t roducing  a c a l c u l a t i o n  technique t o  
c o r r e c t  t h e  foregoing r e s u l t s  f o r  window curva tu rep  no 
dev ia t ion  from t h e  above-mentioned t r ends  was ev iden t ,  
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(f) Rota t iona l  E f f e c t s  - U t i l i z i n g  t h e  c a l i b r a t i o n  t e s t  r i g ,  a 
l i m i t e d  amount of t e s t i n g  w i t h  N a K  w a s  conducted us ing  a 
b a s e l i n e  t ransducer  with a 0 .500  nominal OD and a 1:l t u r n s  
r a t i o .  These w e r e  t e s t e d  i n  housings machined from s o l i d  
b i l l e t s  of material. T h e  minimum window th ickness  through 
which t h e  instrument  senses  i n  0 , 0 1 1  i n ,  D a t a  taken a t  room 
temperature w i t h  a Type 316 S ta in l e s s -S tee l  housing and a 
TZM s l eeve  i n d i c a t e s  cons t an t  t r ansduce r  s e n s i t i v i t y  wi th  
speed, 

4,2.2 DescriDtion of S t a t i c  Bench Tes t ina  

I n  o rde r  t o  i n v e s t i g a t e  t h e  f i l m  th ickness  t ransducer  s e n s i t i v i t y  
over a wide range of v a r i a b l e s ,  a simple s t a t i c  bench tes t  r i g  (F ig-  

u re  10) w a s  designed and f a b r i c a t e d .  The b a s i c  t ransducer  c o n s i s t s  of 
two c o i l  c o r e s ,  each wound w i t h  t w o  c o i l s  of f i n e  magnetic w i r e .  
Typical  c o i l  dimensions are shown i n  Figure 11. 

The two c o i l  sets are mounted i n  t h e  t e s t  f i x t u r e  f ac ing  each 
o the r  with c o l i n e a r  axes ,  Between t h e  f a c e s  of t h e  t ransducer  c o i l s  
are mounted l a y e r s  of var ious  ma te r i a l s  s imula t ing  a window, a l i q u i d  
metal  (o r  o t h e r  f l u i d )  f i lm ,  and t h e  s h a f t  ( s l eeve )  material, The 
th icknesses  of t h e  var ious  s t r a t a  may be changed by moving o r  changing 
the sheets of ma te r i a l .  For in s t ance ,  a 1 - m i l  movement of t h e  s h a f t  
i s  s imulated by moving a 1 - m i l  sheet of t h e  f l u i d - f i l m  s imula t ing  
material from one s i d e  of t he  simulated s h a f t  t o  t h e  o t h e r .  

I n  o r d e r  t o  determine t h e  m a t e r i a l s  s u i t a b l e  f o r  t h e  s imula t ion ,  
t he  va lues  of e lectr ical  r e s i s t i v i t y  versus  temperature w e r e  p l o t t e d  i n  
Figure 1 2  f o r  t h e  candidate  materials,  From these plGts  t h e  fol lowing 
materials w e r e  selected f o r  s imula t ing  t h e  potassium f i l m  a t  var ious  
temperatures:  
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Material 

Brass 

Simulated Potassium 
Temperature, OF 

R e s  is  t i v i  t y  
pohm-crn 

3.05 10,2 

Cupro-nickel N o .  710 550 27 

Cupro-nickel N o .  715 7 0 0  34.4 

Titanium 1120 55 

The p e r t i n e n t  parameters i n f luenc ing  t ransducer  s e n s i t i v i t y  are 
s l eeve  material ,  window th i ckness ,  temperature ,  co i l  diameters, con- 
f i g u r a t i a n ,  and window curva ture .  The fol lowing paragraphs g ive  b r i e f  
d e s c r i p t i o n s  of how each parameter and i t s  e f f e c t  on s e n s i t i v i t y  was 
examined. 

( a )  E f f e c t s  of Sleeve Mater ia l  - To s imula te  t h e  s l e e v e ,  var ious  
metals  w e r e  s e l e c t e d  and f a b r i c a t e d  i n t o  blocks 0.75 x 0.75 x 
0,25 i n .  These blocks covered t h e  e l e c t r i c a l  r e s i s t i v i t y  
range from T Z M  a t  6.7 pohm-cm t o  Ti -6A1-4V a t  176 pohm-cm. 
A l Z 0 3  and phenol ic  blocks w e r e  a l s o  f a b r i c a t e d  and used t o  
s imula te  an i n s u l a t o r  (very high r e s i s t i v i t y )  a s  t h e  s l eeve  
material 

The s e n s i t i v i t y  measurements w e r e  performed w i t h  t h e  s tandard  
t r ansduce r  conf igu ra t ion  previous ly  discussed., Each c o i l  set 
has t w o  windings of 120 t u r n s  each of N o .  36 Formvar covered 
w i r e .  

The t rahsducer  w a s  p laced i n  t h e  f i x t u r e  w i t h  a nominal f i l m  

of 0,016 i n .  between each c o i l  and t h e  s l eeve  m a t e r i a l .  The 

c o i l s  w e r e  e x c i t e d  e l e c t r i c a l l y  w i t h  a Consolidated Elec t ro-  
dynamics Corp, 20-kHz c a r r i e r  a m p l i f i e r  Type 1-127, The 
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carr ier  a m p l i f i e r  w a s  ad jus t ed  t o  balance t h e  co i l s  
e l e c t r i c a l l y .  The f i l m  w a s  v a r i e d  i n  known amounts on each 

s i d e  of t h e  s l eeve  material and t h e  r e s u l t i n g  imbalance 
i n d i c a t e d  on a d i g i t a l  vo l tmeter .  

Data have been obtained over  t h e  sleeve e lec t r ica l  resis- 
t i v i t y  range from 6,7 t o  1 7 6  yohm-cm and f o r  an i n s u l a t o r  
(F igures  13 and 14)- I n  each case t h e  s e n s i t i v i t y  i n  v o l t s  
p e r  m i l  has  been p l o t t e d  versus  sleeve r e s i s t i v i t y  f o r  a 
given f i l m ,  The s e n s i t i v i t y  f i g u r e s  shown f o r  t h e  curves 
inc lude  an  ampl i f i ca t ion  f a c t o r  of 38.5,  as suppl ied  by t h e  
carrier a m p l i f i e r .  A sample of t h e  r a w  d a t a  taken  wi th  a 
Tic-LOCb sleeve and wi th  t h e  f i l m  represented  by t h e  m a t e -  
r i a l s  shown i s  presented  i n  Figure 15 .  

T o  determine t h e  e f f e c t  on t h e  s e n s i t i v i t y  of t h e  sleeve 
material  a lone ,  ( i - e s p  no f i l m  p r e s e n t )  a series of tes ts  
w e r e  conducted us ing  paper as t h e  s imulated f i lm .  Since t h e  
paper  i s  a nonconductor, t h e  c o i l  ou tpu t  w i l l  only be 
a f f e c t e d  by t h e  motion of t h e  s l eeve  m a t e r i a l ,  The d a t a  
generated dur ing  t h e s e  tes ts  are a l so  p l o t t e d  on Figures  1 3  
and 1 4  and are i n d i c a t e d  by t h e  lower curve (paper f i l m )  a 

By comparing t h e s e  d a t a ,  it can be seen t h a t  a low-sleeve 
r e s i s t i v i t i e s  ( i a e e f  below 40 pohm-cm), t h e  s e n s i t i v i t y  i s  
mainly a func t ion  of sleeve motion f o r  h i g h - r e s i s t i v i t y  
f i l m s ,  A s  t h e  f i l m  r e s i s t i v i t y  i s  decreased,  howeverp t h e  
f i l m  tends t o  s h i e l d  t h e  co i l s  from t h e  s l eeve ,  and t h e r e  i s  
a decrease  i n  s e n s i t i v i t y ,  A t  t h e  lowest f i l m  r e s i s i t i v i t y ,  
t h e  s e n s i t i v i t y  has increased  g r e a t l y  due t o  t h e  f i lm .  But 

as t h e  sleeve r e s i s t i v i t y  i s  decreased below 20 pohm-cm, t h e  

f i l m  aga in  s h i e l d s  t h e  s l eeve  from t h e  c o i l s  and t h e  sens i -  
t i v i t y  decreases ,  A t  sleeve res i s t iv i t ies  greater than  
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70 pohm-cm, t h e  sleeve c o n t r i b u t e s  approximately 50-percent 
t o  t h e  o v e r a l l  s e n s i t i v i t y  f o r  t h e  h i g h e s t  f i l m  r e s i s t i v i t y  
b u t  p l ays  only  a very minor r o l e  i n  a f f e c t i n g  t h e  s e n s i t i v i t y  
wi th  l o w - r e s i s t i v i t y  f i l m s .  I n  t h e  s l e e v e  r e s i s t i v i t y  reg ion  
between 40 and 70 pohm-cm, t h e  l o w  r e s i s t i v i t y  f i l m  i s  t h e  
dominant c o n t r i b u t o r  t o  t h e  s e n s i t i v i t y  while  t h e  high- 
r e s i s t i v i t y  f i l m s  do n o t  c o n t r i b u t e  g r e a t l y  t o  t h e  s e n s i t i v -  
i t y  u n t i l  t h e  s l e e v e  r e s i s t i v i t y  has inc reased  t o  70 pohm-cm. 

(b)  E f f e c t s  of Window Thickness - The e f f e c t  of changes i n  window 
th i ckness  w a s  determined by us ing  several p i eces  of  s t a i n l e s s  
s teel  s h e e t  between t h e  c o i l s  and t h e  f i lm .  These d a t a  (Fig- 
u r e s  1 6  and 17), i n d i c a t e  a f a i r l y  uniform change i n  sens i -  
t i v i t y  wi th  an i n c r e a s e  i n  window th i ckness .  I t  i s  apparent  
t h a t  t h e  i n c r e a s e  i n  window th ickness  has a g r e a t e r  e f f e c t  on 
t h e  s e n s i t i v i t y  wi th  a l o w - r e s i s t i v i t y  f i l m  than  wi th  a high- 
r e s i s t i v i t y  f i lm .  

(c) E f f e c t s  of Temperature - To o b t a i n  s o m e  i d e a  of how t h e  
temperature  would a f f e c t  t h e  t r ansduce r  s e n s i t i v i t y ,  a series 
of c a l c u l a t i o n s  w e r e  performed us ing  t h e  s l eeve  mater ia l  d a t a .  
The va lues  of sleeve material r e s i s t i v i t y  corresponding t o  
t h e  f o u r  temperatures  prev ious ly  l i s t e d  w e r e  ob ta ined  f o r  T Z M  

and Tic-1OCb. The potassium f i l m  f o r  t h e s e  f o u r  temperatures  
w a s  s imulated by t h e  materials l i s t e d  i n  Sec t ion  4 . 2 . 2 ,  

Using Figure  13,  a s e n s i t i v i t y  f o r  each s imulated f i l m  combi- 
n a t i o n  and sleeve r e s i s t i v i t y  w a s  determined. S e n s i t i v i t y  
versus  temperatures  w e r e  p l o t t e d  as i n  F igure  1 8  f o r  a range 
of potassium f i l m  temperatures ,  I n  t h e  case of t h e  d a t a  
taken wi th  a s t a i n l e s s  s tee l  window, t h e  s e n s i t i v i t y  d a t a  
w e r e  taken i n t o  account t h e  temperature  e f f e c t  on window 
r e s i s t i v i t y .  These data w e r e  then  p l o t t e d  i n  F igure  1 9 .  
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(d)  E f f e c t s  of C o i l  D i a m e t e r  and Configurat ion - Changes i n  c o i l  
conf igu ra t ions  have a marked e f f e c t  on t h e  t r ansduce r  s e n s i -  
t i v i t y .  I n  o r d e r  t o  s tudy  t h e s e  e f f e c t s ,  s e v e r a l  t r ansduce r s  
w e r e  f a b r i c a t e d  and t e s t e d  i n  t h e  bench r i g ,  These t r a n s -  
ducers  incorpora ted  changes i n  t h e  t u r n s  r a t i o  of t h e  primary 
and secondary windings, and v a r i a t i o n s  i n  t h e  diameters  of 
t h e  windings. Table 2 d e p i c t s  t h e  c r o s s  sections of t h e s e  
va r ious  t r ansduce r s  and l i s t s  t u r n s  i n  t h e  windings and 
windings d iameters ,  

The t e s t  r e s u l t s  covering t h e s e  t r ansduce r s  have been com- 
bined t o  show t h e  e f f e c t  on t r ansduce r  s e n s i t i v i t y  when one 
parameter i s  v a r i e d ,  I n  Figure 2 0 ,  t h e  e f f e c t  of changes i n  
t h e  primary c o i l  o u t e r  d iameter ,  keeping t h e  number of t u r n s  
on t h e  primary and secondary c o n s t a n t ,  i s  shown, Figure 2 1  

shows a s imi l a r  condi t ion  with t h e  secondary c o i l  o u t e r  
diameter  being t h e  v a r i a b l e .  To s tudy  t h e  e f f e c t s  of changes 
i n  t h e  number of t u r n s  on t h e  primary and secondary windings,  
F igures  2 2  and 2 3  w e r e  generated.  These show f i r s t  t h e  v a r i -  
a t i o n  i n  primary t u r n s  and then  t h e  v a r i a t i o n  i n  secondary 
winding t u r n s ,  

From t h e s e  curves ,  it can be seen t h a t  t h e  optimum configu- 
r a t i o n  i n  t h e  range of v a r i a b l e s  t e s t e d  i s  t h e  one wi th  a 
secondary t o  primary t u r n s  r a t i o  of 221 or 2 . 5 . 1 .  This i s  
t h e  optimum case f o r  e i t h e r  l o w -  o r  h i g h - r e s i s t i v i t y  f i lm .  
These cases w e r e  run wi th  a f a i r l y  h i g h - r e s i s t i v i t y  sleeve. 
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TABLE I1 

CROSS SECTIONS OF COIL CONFIGURATIONS 

CONFIGURATION 
NUMBER 

A 

5 

K 

F 

0 

P R I .  (UPPER WINDING) SEC. (LOWER WINDING) 
ID OD ID OD 

0.050 0.250 0.050 0 . 2 5 0  

0.150 

0.250 

0.350 

0.050 

0.050 

0.050 

0.050 

0.050 

0.350 0.050 0.250 

0.450 0.050 0 . 2 5 0  

0.550 0 .050 0 . 2 5 0  

0.250 0 . 1 5 0  0 . 3 5 0  

0.250 0.250 0 . 4 5 0  

0.250 0 . 3 5 0  

0.350 0.150 

0.450 0 . 1 5 0  

0 . 5 5 0  

0 . 3 5 0  

0 . 3 5 0  
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TABLE 11 (Contd.) 

R 

COWFLWRATIOW 
NUMBER 

0 e 350 0,050 0.550 0 1 5 0  

CROSS S E C T I O N S  OF COIL CONFIGURATIONS 

P R I  0 S E C  
R WINDING) (LOWER WINDING)  

ID OD I D  OD 
( 

I 

G 

P 

S 

I 

0 , 3 5 0  0 e 150 0.350 0,050 

0 1 5 0  0 350 0 050 G - 4 5 0  

0 e 150 0 350 0 .050 0 550 
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(e)  E f f e c t s  of Window Curvature - Since t h e  a c t u a l  window i n  t h e  
bea r ing  housing of t h e  t u r b i n e  i s  no t  f l a t  b u t  has  a curva- 
t u r e  on t h e  j o u r n a l  s i d e ,  c a l c u l a t i o n s  w e r e  made t o  t a k e  t h i s  
window th i ckness  v a r i a t i o n  i n t o  account.  The technique used 
t o  perform t h e  c a l c u l a t i o n s  i s  shown i n  Figure 24.. The c o i l  

conf igu ra t ions  w e r e  drawn on a l a r g e  scale model of t h e  win- 
dow cross s e c t i o n  and an average window th i ckness  f o r  each 
c o i l  determined. The s e n s i t i v i t y  w a s  then  modified by t h i s  
i n c r e a s e  i n  th i ckness  and r e p l o t t e d  on Figures  2 5  and 2 6 .  

The r e s u l t s  are e s s e n t i a l l y  t h e  same as those  presented  i n  
F igures  20 through 23. 

4.2.3 Transducer Design and Fabr i ca t ion  

This  s e c t i o n  d e t a i l s  Task 111--the design and f a b r i c a t i o n  of f i l m  
th i ckness  probes f o r  use i n  t h e  500-hr endurance tes t .  The f i n a l  probe 
des ign  employs a 1.5 secondary-to-primary co i l  t u r n s  r a t i o  and i s  

shown i n  F igures  27  and 28 .  The des ign  shown evolved from op t imiza t ion  
s t u d i e s  us ing  a n a l y t i c a l  and empi r i ca l  t echniques ,  Several  t r ansduce r s  
w e r e  f a b r i c a t e d  f o r  base- l ine  t e s t  purposes and f o r  use i n  high temper- 
a t u r e  (1000OF) r e s i s t a n c e  s t a b i l i t y  tests.  
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90% AL2O3 CORE 

150 TURNS #36 WIRE 

225 TURNS #36 Ni  CLAD A g  WIRE 
WITH CERAMISEAL INSULATION 

.460 

.150 
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FIGURE 2 7  
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Eventual s e l e c t i o n  of c o i l  w i r e  material ,  w i r e  gauge, i n s u l a t i o n ,  
p o t t i n g  compound, and connector design w a s  made on the  b a s i s  of two 
high temperature (1000'F) tests. The f i r s t  test  (approximately 1 0 0 0  h r )  

w a s  made t o  select  t h e  most durable  material-gauge combination from a 
set of 36-, 38- and 40 ga w i r e  c o i l s .  O f  t he  two material  configura- 
t i o n s  tested, (n icke l -c lad  s i l v e r  w i r e  w i t h  Ceramicite coa t ing  versus  

aluminum w i r e  wi th  A1203 coat ing)  t h e  36 ga aluminum w i r e  appeared t h e  
least  s e n s i t i v e  t o  t ime-temperature e f f e c t s .  Therefore,  a second 
2200  h r  t e s t  w a s  made comparing 1 2  sets of Ni-clad s i l v e r  w i r e  c o i l s  
with 1 2  sets of aluminum w i r e  c o i l s ,  both of 36 ga diam w i r e ,  All 
12 aluminum w i r e  c o i l s  w e r e  unchanged i n  r e s i s t a n c e  af ter  the  tests,  
while s e v e r a l  of t h e  Ni-clad s i l v e r  w i r e  samples showed evidence of 
burn spo t s  on t h e  w i r e  o r  an increase  i n  r e s i s t a n c e  over t h e  i n i t i a l  
values  e 

Superior performance of t h e  aluminum w i r e  was overridden by 
a d d i t i o n a l  cons ide ra t ions  r e l a t i n g  t o  eventua l  t ransducer  app l i ca t ion ;  

I t  was suspected t h a t  t h e  aluminum might have an adverse 
effect  on t h e  NASA s e l e c t e d  p o t t i n g  compound 

There was some apprehension over t h e  p o s s i b i l i t y  of aluminum 
evaporat ion ("outgassing")  i n  t h e  hard-vacuum space environ- 
ment e 

Therefore ,  36 ga Ni-clad s i lver  w i r e  was selected f o r  t h e  f i n a l  
t ransducer  t es t  conf igura t ion  using PBX C e r a m i c  Cement a s  t h e  p o t t i n g  
compound e 
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.2,3.1 D e t a i l s  of Probe Design and Fabr i ca t ion  

(a )  W i r e  Se l ec t ion  - Two candidate  w i r e  ma te r i a l s  w e r e  considered, 
Ni-clad s i l v e r  and aluminum coated w i t h  A l 2 O 3 -  

w i r e  composition i s  as follows: 
The s i l v e r  

Percent  
Element I n  Core 

S i l v e r  99,95 Min 

Ni cke 1 0 . 0 0 1  

Copper 

I ron  

0 - 0 5  

0.002 

Manganese 0 , 0 0 1  

S i l i c o n  0 , 0 0 1  

Carbon 

Su l fu r  

Percent  
I n  Cladding 

9 9 . 6 5  

0.03 

0 -05 

0.10 

0 - 0 3  

0.05 

0 , 0 0 5  

Arsenic 0 . 0 0  

Phosphorus 0 , O O  

Oxygen o e o o  0 - 0 5  

Nitrogen 0 . 0 0  0.05 

I n i t i a l  samples of t h e  ceramiclad i n s u l a t e d  Ni-clad s i l v e r  w i r e  
were t e s t e d  f o r  i n s u l a t i o n  breakdown a t  t h e  e l eva ted  temperature and 
vol tages .  The r e s i s t a n c e  t e s t i n g  w a s  done by t w i s t i n g  toge ther  two 
w i r e  l engths  and measuring t h e  r e s i s t a n c e  between them with a General 
Radio Impedance Bridge. Figure 2 9  shows t h e  i n s u l a t i o n  r e s i s t a n c e  as 
a func t ion  of temperature,  A vo l t age  breakdown of 23 vdc w a s  measured 
a t  1100'F; t h e  nominal t ransducer  o p e r a t i o n a l  vo l tage  i s  about 5 vdc, 
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A comparison was a l s o  made of t h e  w i r e  r e s i s t a n c e  before  and a f t e r  
ceramic coa t ing .  The c a l c u l a t e d  r e s i s t a n c e  w a s  0,765 ohms/ft. Mea- 
sured va lues  w e r e  f o r  t h e  uncoated wire--0,773 ohms/ft and f o r  t h e  
coated w i r e - - 0 , 8 1 0  ohms/ft. The coated w i r e  undergoes a cu r ing  process  
a t  1900OF during t h e  i n s u l a t i n g  process .  

The ceramic coated w i r e  was sec t ioned  and photographed a t  500X 

magnif icat ion i n  t h e  etched and unetched condi t ion  a s  shown i n  Fig- 
ure  30, The s e c t i o n  c l e a r l y  shows a uniform cladding th ickness  bu t  t h e  
i n s u l a t i o n  i s  l a r g e l y  i n v i s i b l e .  The l a r g e  axe-shaped p i ece  i n  t h e  
upper photograph i s  a po r t ion  of t h e  cladding t h a t  was peeled away., 
Af te r  i n i t i a l  tests ind ica t ed  s a t i s f a c t o r y  w i r e  p r o p e r t i e s ,  s e v e r a l  
c o i l  sets w e r e  prepared with 36- ,  38-  and 40 gauge s i z e s  t e s t e d  a t  
lOOOOF f o r  approximately 1 0 0 0  hr .  Coi l  resistance versus t i m e  a t  
temperature i s  shown i n  Figure 31, The c o i l  wound with N o .  36 aluminum 
w i r e  showed no degradat ion with t i m e .  

Three of t h e  fou r  coi ls  wound wi th  N o .  36 nickel-clad s i l v e r  w i r e  
also showed nr3 change i n  r e s i s t a n c e .  The f o u r t h  co i l  experienced a 
mechanical f a i l u r e  a t  t h e  w i r e  t e rmina t ion  p o s t  on t h e  c o i l .  The c o i l s  
wound with t h e  smaller s i z e s  of nickel-clad s i l v e r  wire showed var ious  
s t a g e s  of d e t e r i o r a t i o n ,  From t h e  e a r l y  s t a r t  of t hese  tests, it w a s  
ev ident  t h a t  only t h e  l a r g e s t  w i r e ,  N o .  36 gauge, should be used for 
high temperature t ransducers .  

Based on t h e  r e s u l t s  of t h e  f i r s t  t e s t ,  a second c o i l  s t a b i l i t y  
test was made, This  t es t  cons i s t ed  of 2 4  c o i l s ,  1 2  wound with N o .  36- 

gauge n i c k e l - s i l v e r  w i r e  and 1 2  wound with N o ,  36-gauge aluminum w i r e ,  
placed i n  an oven and a means provided f o r  monitoring t h e  e l e c t r i c a l  
c h a r a c t e r i s t i c s  from ou t s ide  t h e  oven. The t es t  was terminated a t  
2200 h r ,  Figure 32  shows t h e  s t a b i l i t y  of each c o i l  a s  a func t ion  of 
t i m e  a t  temperature,  
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Inspec t ion  of the  c o i l s  a f t e r  removal from t h e  oven revealed t h e  

following r e s u l t s ,  A l l  1 2  c o i l s  wound with N o ,  36 aluminum w i r e  w e r e  
i n t a c t  and had n o t  changed i n  r e s i s t a n c e .  However four  of t h e s e  w e r e  
open where t h e  w i r e s  jo ined  t h e  te rmina l  p ins  of t h e  c o i l ,  The 1 2  

c o i l s  wound w i t h  N o .  36  nicke l -c lad  s i l v e r  w i r e  w e r e  e i ther  open and 
showed evidence of burn spo t s  on t h e  w i r e  o r  showed an inc rease  i n  
r e s i s t a n c e  from t h e  i n i t i a l  r e s i s t a n c e  values., Seven of t h e  1 2  w e r e  
also open a t  t h e  te rmina l  p i n s  on t h e  c o i l  forms. 

Two types of p o t t i n g  compound w e r e  used i n  t h e  coils--Technical G 

Copper Cement, and PBX Ceramic Cement. The PBX cement he ld  up very 
w e l l  dur ing t h e  2200  h r ,  while t h e  Technical G changed co lo r  and 
cracked away from t h e  t e rmina l  p i n s  and w i r e s .  I t  a l s o  had a crumbly 
appearance e 

4.2.3,2 T e s t  Transducer Fabr i ca t ion  

Probes w e r e  f a b r i c a t e d  f o r  use during t h e  s t a t i c  bench tests,  
c a l i b r a t i o n  t e s t  r i g  development and, of course ,  f o r  t h e  f i n a l  endur- 
ance t e s t i n g .  

Several  s t e p s  are requi red  t o  complete t h e  f a b r i c a t i o n  of c o i l  
assembly €or t h e  f i lm-thickness  t ransducer .  The f i r s t  s t e p  involves  
making t h e  c o i l  f o r m  i t s e l f  (Figure 3 3 ) .  I f  made from Lava it i s  
machined to shape on a l a t h e  and then f i r e d  t o  form a dense ceramic 
s t r u c t u r e .  
r a t i o n s l  it i s  ground t o  t h e  appropr ia te  shape, Next, t h e  primary and 
secondary c o i l s  a r e  wound w i t h  t h e  appropr i a t e  number of t u r n s  of 

ceramic i n s u l a t e d  core.  A f t e r  a p a i r  of c o i l s  i s  wound they a r e  con- 
nected toge ther  and balanced e l e c t r i c a l l y  on t h e  f i x t u r e  shown i n  
Figure 34e T h e  primary windings are joined i n  series and connected t o  

I f  t h e  form i s  made from A 1 2 0 3  as w e r e  a l l  f i n a l  configu- 
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a 20-k-Hz o s c i l l a t o r .  The o s c i l l a t o r  output  i s  5 v o l t s  rms. The 
secondary windings a r e  connected i n  series opposi t ion such t h a t  t h e  

ou tput  of one c o i l  cance ls  t h e  output  of t h e  o t h e r  c o i l .  The r e s u l t a n t  
ou tput  i s  d isp layed  on an osc i l l o scope  and/or a d i g i t a l  vol tmeter .  I n  
order  t o  keep t h e  unbalance a t  a reasonable va lue ,  t u rns  of w i r e  a r e  
removed from one secondary c o i l  t o  lower t h e  unbalance t o  a t  least  
5 mv peak-to-peak. Af t e r  i n i t i a l  balancing t h e  c o i l s  a r e  heated t o  
l O O O O F  f o r  about one hour.  They are rechecked f o r  balance,  t u r n s  
removed as necessary,  and t h e  c o i l s  reheated.  Usually two o r  t h r e e  
hea t ing  cyc les  a r e  s u f f i c i e n t  t o  s t a b i l i z e  t h e  c o i l s .  Leads a r e  
f a s t ened  t o  t h e  co i l  p i n s  and t h e  c o i l s  assembled i n  the  c o i l  ho lders .  
Temperature cyc l ing  i s  again performed t o  in su re  system s t a b i l i t y .  
The c o i l s  are then permanently fas tened  i n  t h e  holders  and connectors 
a t tached  t o  the c o i l  leads. A completed t ransducer  s e t  i s  shown i n  
Figure 35. 
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4.2.3.3 Material Property References for Section 4.2 

1. 

2. 

3. 

4. 

5: 

6. 

7. 

8. 

9. 

10 a 

TZM data - Climax Molybdenum Co. of Mich. Huron Pkwy.! Ann Arbor, 
Mich. 

T-111 data - Aerospace Structural Metals Handbook, ASD-TDR-63-741, 
Vol. 11, Mar. 1965. 

Tungsten carbide data - Thermal Properties of 26 Solid Materials 
to 5000°F, ASD-TDR-62-765, Jan. 1963. 

Potassium data - Liquid Metals Handbook, Revised Ed. 1 9 5 4 ,  Oak 
Ridge Nat. Lab. 

H-11 data - Westinghouse Elec. Corp., Aerospace Elec. Div,, 
Lima, Ohio, Mats, Eng. Lab. Rept. 

316 stainless steel data - Aerospace Structural Metals Handbook, 
ASD-TDR-63-741, Vol. I, Mar. 1 9 6 5 .  

Inconel X data - Materials Lab., AiResearch Mfg. Co. 

Ti-6A1-4V data - Aerospace Structural Metals Handbook, 
ASD-TDR-63-741, Vole 11, Mar,. 1 9 6 5 ,  

Tic-10 Cb data - NASA Lewis. 
Zirconium, Titanium, A120? and Phenolic data - Materials 
engineering, Materials Se ector Issue, Oct. 1 9 6 7 .  
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5. CALIBRATION TESTING (TASK 11) 

The i n t e n t  of Task I1 was t o  provide a c a l i b r a t i o n  t es t  r i g  
capable of v e r i f y i n g  the  a n a l y t i c a l  and empir ica l  s t u d i e s  of Task I . a n d  
providing in-place c a l i b r a t i o n  of t h e  s e l e c t e d  t ransducer  design.  The 
c a l i b r a t i o n  test r i g  m e t  t h e  fol lowing requirements:  

(a) Temperature v a r i a t i o n  from ambient t o  1000°F 

(b)  Ro ta t iona l  speeds from 0 t o  25 ,000  rpm a t  temperature 

(c) Measurement of motion of t h e  s h a f t  i n  t w o  mutually perpen- 
d i c u l a r  p lanes  t o  an accuracy of F0 .00005  inch 

(d)  A p p l i c a b i l i t y  t o  r e f r ac to ry -a l loy  m a t e r i a l  combinations 

F i n a l  hardware evolved from an e x i s t a n t  AiResearch c a l i b r a t i o n  
test r i g  shown i n  F igure  3 6 ,  

5.1  C a l i b r a t i o n  Rig Descr ip t ion  

The r i g  (Figure 37) c o n s i s t s  of  a p r e c i s i o n  r o t a t i n g  sp ind le  
mounted i n  pneumostatic j ou rna l  bear ings.  The s h a f t  pene t r a t e s  t he  

potassium-fil led-probe tes t  housing through a combination mechanical 
f ace  seal and dynamic seal  w i t h  an argon b u f f e r  between. The r o t a t i n g  
spindle/bear ing assembly i s  mounted t o  t h e  base p l a t e  through a p a i r  of 
mutually perpendicular ,  l i n e a r  a n t i f r i c t i o n  ro l le rways ,  The s h a f t  i s  
dr iven  by a p l an t - a i r - ac t iva t ed  a i r  tu rb ine .  Manual movement of t h e  
sp ind le  is  con t ro l l ed  by p rec i s ion  micrometer heads reading d i r e c t l y  
t o  0 , 0 0 0 0 1  i n ,  

APS-5357-R 
Page 72  



Mp-8621 

CW MANUFACTURING COMPANY D F A ~ I ~ D N A  
A DIVISION D F T H E  GARRETT CORPORATION 

FILM THICKNESS PROBE CALIBRATION TEST RIG 
FIGURE 36 
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Radial  movement of t h e  p r e c i s i o n  sp ind le  i s  measured by two p a i r s  
of high-precis ion Wayne-Kerr capaci tance probes mounted i n  each a i r  
bear ing.  These capaci tance probes are c a l i b r a t e d  e x t e r n a l  t o  t h e  rLg 
through d i r e c t  mechanical measurement of specimen movement w i t h  a 
Model 21-4000-00 Micro-Displacement C a l i b r a t o r  manufactured by C l e v i t e  
Corporation. This  device i s  capable of rendering a probe c a l i b r a t i o n  
accuracy of about 55.5 microinches f o r  t h e  range of movement of 
i n t e r e s t  (0.015 i n c h ) .  The minimum d i a l  graduat ion on t h i s  device i s  
20 microinches wi th  a d i g i t a l  readout  device a v a i l a b l e  t o  ha l f  t h a t  
dimension. 

The fi lm-thickness-probe t e s t  head c o n s i s t s  of a c y l i n d e r  of t he  

p a r t i c u l a r  housing material of i n t e r e s t ,  conta in ing  t h e  eddy-current 
c o i l  assemblies and sandwiched between two housings of a m a t e r i a l  of 
similar thermal expansion. The assembly is  no t  seal-welded b u t  i s  
s t a t i c a l l y  sea l ed  with m e t a l  s e a l i n g  r i n g s .  T h i s  design f e a t u r e  a l lows 
f o r  t h e  g r e a t e s t  degree of v e r s a t i l i t y  i n  t e s t i n g  d i f f e r e n t  housing 
( r e f r a c t o r y )  m a t e r i a l s ,  var ious  c o i l  con f igu ra t ions ,  and requi red  
window conf igura t ions .  

The p o r t i o n  of t h e  r o t a t i n g  sp ind le  upon which motion i s  t o  be 
sensed i s  s e p a r a t e  from t h e  b a s i c  sp ind le .  It is  mounted t o  t h e  

sp ind le  through a s l o t t e d  s h a f t  arrangenent  intended t o  compensate f o r  
d i f f e r e n c e s  i n  thermal expansion and y e t  provide p o s i t i v e  r e g i s t e r  wi th  
the  specimen. This device is  shown schematical ly  i n  Figure 38, The 
t e s t - c o i l  housing i s  surrounded by a r e s i s t a n c e  clam-shell-type h e a t e r  
t o  provide t h e  r equ i r ed  ambient ope ra t ing  temperature,  The heater 

enclosure a l s o  se rves  as a l i g h t  vacuum o r  ine r t -gas  chamber t o  handle 
potassium leakage and t o  minimize ox ida t ion  i n  t h e  high-temperature 
region.  
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5.1.1 D e t a i l  Design Considerat ions 

A number of detai led changes and modif icat ions w e r e  incorporated 
i n t o  t h e  design of the  e x i s t e n t  c a l i b r a t i o n  r i g .  The fol lowing 
improvements w e r e  added: 

The x-y c ros s - s l ide  system support  r i n g  was made completely 
symmetrical ,  and a f e a t u r e  w a s  added t o  allow it t o  f l e x  
thermally without  d i s t o r t i n g  t h e  c ros s - s l ide  assembly. 

A pneumostatic t h r u s t  bear ing  replaced t h e  a n t i - f r i c t i o n  
t h r u s t  bear ing.  

The h e a t e r  enc losure  around t h e  ins t rumenta t ion  s e c t i o n  w a s  
modified t o  se rve  a s  a l i g h t  vacuum o r  ine r t -gas  (argon) 
chamber t o  handle potassium leakage and minimize oxida t ion  
i n  t h e  high-temperature region.  

I n  add i t ion ,  ex tens ive  s t u d i e s  were made of t h e  r o t o r  suspension 
system ( jou rna l  and t h r u s t  bear ings)  t oge the r  with a complete thermal 
a n a l y s i s  of t h e  u n i t  t o  determine how expansion and v i b r a t i o n  would 
effect  measurement s e n s i t i v i t y .  

5.1.1.1 Ca l ib ra t ion  T e s t  R i a  Rotor Svstem Natural  Freauencies 

Cr i t i ca l - speed  and bearing-load cons idera t ions  w e r e  major f a c t o r s  
i n  t h e  design of t h e  t e s t  r o t o r .  I n  o rde r  t o  minimize sha f t  eccen- 
t r i c i t y  under ope ra t ing  condi t ions ,  t h e  r o t o r  geometry and bear ing 
s t i f f n e s s e s  w e r e  examined toge the r .  The dependence of c r i t i ca l  speeds 
of the r o t o r  upon t h e  bear ing  s t i f f n e s s e s  i s  presented i n  Figure 3 9 .  

P r a c t i c a l  bear ing  s t i f f n e s s e s ,  based upon bear ing  design considera- 
t i o n s ,  d i c t a t e  ope ra t ion  between t h e  f i r s t  and second c r i t i c a l  speeds,  
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Bearing s t i f f n e s s e s  of approximately 5 x l o 4  l b / i n ,  w e r e  found t o  
minimize t h e  bear ing  loads  a t  ope ra t ing  speed. A p l o t  of t hese  loads 
as a func t ion  of speed i s  shown i n  Figure 40, f o r  a s t a t i c  unbalande 
of 0 . 0 0 0 1  i n ,  A t  design speed ( 2 4 , 0 0 0  rpm), t h e  loads a r e  seen t o  be 
higher  than d e s i r a b l e ,  implying t h e  need f o r  very p r e c i s e  balance of 
t h e  r o t o r .  

5.1.1.2 Gas Journa l  Bearing Design 

Se lec t ion  of t h e  bear ing  type f o r  support  of t h e  t es t  r o t o r  w a s  
based upon t h e  fol lowing cri teria:  

Smoothness of ope ra t ion  

A b i l i t y  t o  ope ra t e  i n  a high-temperature environment 

Minimum runout 

S t a b i l i t y  

S t i f f n e s s  (as s p e c i f i e d  by t h e  c r i t i c a l - s p e e d  a n a l y s i s )  

I t  appeared t h a t  a h y d r o s t a t i c  a i r  bear ing  would b e s t  s a t i s f y  
these  requirements and t h e  f i n a l  design geometry is  shown i n  Figure 41. 
Load d e f l e c t i o n  f o r  t h i s  geometry a t  1 5 0  p s i a  supply pressure  i s  shown 
i n  Figure 42, The single-pad s t i f f n e s s  i s  seen t o  be about 30,000 lb-  
per  square inch.  The four-pad bear ings  w i l l  t h e r e f o r e  have a s t i f f -  
ness of 6 0 , 0 0 0  lb / in .  ( independent of d i r e c t i o n ) .  S t a b i l i t y  and s t i f f -  
ness w e r e  t h e  major design goals. 

Two poss ib l e  types  of i n s t a b i l i t y  w e r e  considered throughout t h i s  
design: 
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(a) Hydros ta t ic  i n s t a b i l i t y  ("pneumatic hammer") 

(b  Hydrodynamic i n s t a b i l i t y  ( " se l f - exc i t ed"  wh i r l )  

Pneumatic hamer i s  dependent upon t h e  t o t a l  bear ing  and feeder -  
ho le  geometry, t h e  most c r i t i c a l  f a c t o r s  being bear ing  c learance  and 
o r i f i c e  diameter. T h e  des ign  presented  he re in  has been stable i n  t h i s  
r e spec t .  The p o s s i b i l i t y  of hydrodynamic i n s t a b i l i t y  has  been e l i m i -  
nated by minimizing hydrodynamic fo rces  developed wi th in  t h e  bear ing  
f i lm.  This  has  been accomplished by t h e  fou r  pads separa ted  by 
grooves of s i g n i f i c a n t  widths .  P a s t  experience i n d i c a t e s  t h a t  t h e  

hydrodynamic f l o w s  are s u f f i c i e n t l y  broken up by t h e  conf igura t ion  
such t h a t  opera t ion  a t  above t w i c e  t h e  f i r s t  c r i t i c a l  speed should be 
no problem. 

5.1.1.3 T e s t  Rotor G a s  Thrust  Bearing Design 

Aerodynamic a n a l y s i s  i nd ica t ed  t h a t  r o t o r  t h r u s t  loads  of 35 l b  

upward and 5 l b  downward ( l a r g e l y  due t o  t h e  pressure  d i f f e rences  
across  the  d r i v e  t u r b i n e )  might be encountered dur ing  u n i t  opera t ion .  
To s u s t a i n  t h i s  load  spectrum under a l l  opera t ing  condi t ions ,  a double 
a c t i n g ,  a i r  t h r u s t  bear ing  w i t h  h y d r o s t a t i c  c a p a b i l i t y  w a s  designed. 
The c r i t i c a l  parameters f o r  each side are as fol lows:  

Outer r a d i u s  = 1 . 0  i n .  

Inner  r ad ius  = 0.5 i n .  

O r i f i c e  r a d i u s  = 0,013 i n ,  

O r i f i c e  pocket r ad ius  = 0 . 0 6 2 5  i n .  

O r i f i c e  pocket depth = OeO05 i n ,  
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(f) Eight orifices equally spaced on a radius of 0-75 in. 
with radial slots midway between them. 

(9) The mass flow rate will be less than 35.2 lb/hr. 

For this configuration, Figure 43 presents the load-versus film- 
thickness characteristics as a function of supply pressure with the 
total axial clearance assumed to be large enough that only one thrust 
face is loaded at any particular time (about 0,004 ine), either of the 
bearing surfaces will support the maximum required load with a film 
thickness of 0.0008 in, and a supply-to-ambient-pressure ratio of 5,O. 

The relatively large operating clearance (especially if the supply 
pressure ratio is greater than 5.0) will minimize problems due to 
thermal and elastic distortions and misalignments. Estimated elastic 
deflection appears to be no larger than 0,000060 in. 

5.1.1.4 Potassium Test Journal Design 

The instrumentation probes are to be evaluated with test journals 
of four different materials, Presented below are the significant 
material properties of each candidate journal. 

JOURNAL MATERIAL PROPERTIES 

Material 

Coefficient of 
Thermal 
Expansion 

TZM 3.1 
WC (K-96) 2-8 
H-11 7-4 
T~-lll 3,5 
M2 (Shaft 6.6 
Material) 

Modulus 
Density of Elasticity 

E-10’6 
70°F lOOOOF p (lb/in3) 

0 369 46.0 38.0 
0 538 91.6 
0 e 281 30,O 22.8 

0 e 603 26,O 24,4 
0,285 31-0 23.5 

Yield 

(r at 
Strength 

l O O O O F  (Dsi) 

Q 0 , O O O  

200 0 000 
90,000 

39,500 
250,000 
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Each t e s t  j o u r n a l  i s  supported on t h e  ro to r  by a thermal  expansion 
compensating mounting technique.  Eight  a x i a l  s l o t s  symmetrically 
placed are used t o  form e i g h t  beams, 
r e s p e c t  t o  l o c a l l y  a p p l i e d  r a d i a l  l oads ,  b u t  v i r t u a l l y  r i g i d  wi th  
r e s p e c t  t o  t a n g e n t i a l l y  d i r e c t e d  loads ,  This suppor t ing  method thus  
provides  necessary freedom f o r  d i f f e r e n t i a l  thermal expansion between 
t h e  j o u r n a l  and t h e  r o t o r  while  a f fo rd ing  an e s s e n t i a l l y  r i g i d  suppor t  
wi th  r e s p e c t  t o  e x t e r n a l l y  app l i ed  t r a n s v e r s e  loads ,  

Each beam i s  h ighly  f l e x i b l e  wi th  

I n  o r d e r  t o  i n s u r e  t h e  d e s i r e d  measurement accuracy of  5 x lo- '  i n .  
t h e  displacements  i n  t h e  t e s t  j o u r n a l  i n  t h e  ope ra t ing  environment w e r e  
i n v e s t i g a t e d  i n  cons iderable  d e t a i l .  Both t h e  thermal change from room 
temperature t o  l O O O O F  and t h e  o p e r a t i n g  speed of 24,000 rpm w e r e  found 
t o  s i g n i f i c a n t l y  a f f e c t  t h e  jou rna l  d e f l e c t i o n s ,  

During t h e  manufacture of t h e  tes t  j o u r n a l s ,  t h e  j o u r n a l  i s  shr ink-  
f i t t e d  on t h e  s h a f t ,  and t h e  jou rna l  he ld  i n  p l ace  by an i n i t i a l  i n t e r -  
fe rence .  The o u t e r  diameter  of t h e  j o u r n a l  i s  then  ground concen t r i c  
wi th  t h e  s h a f t  gas  bear ing  jou rna l s .  This process  a l s o  removes any 
i n i t i a l  "crowniilg" of t h e  tes t  jou rna l  t h a t  might o therwise  be caused 
by the  c o n t a c t  p re s su re  between t h e  s h a f t  and t h e  j o u r n a l ,  The e f f e c t s  
of the  ope ra t ing  environment on t h e  j o u r n a l  d e f l e c t i o n s  are shown below. 

JOURNAL DISPLACEMENTS 
(Inches)  

Jou rna l  
Material 

TZM 
wc 
H-11 
T-111 

Cent r i fuga l*  
Recommended* Journa l  

I n i t i a l  In t e r f e rence"  Growth Journal ,* ,** 
I n t e r f e r e n c e  a t  lOOOOF (0,D.) x 1 0  Crowning x 10 5 

0 . 0 0 1  0 , 0 0 3 1 3  4-78 6 , 3  

0,001 0 e 0031  2 - 8 9  

0.003 0,00251 6 . 0 6  
0 , 0 0 1  0,00286 12,13 

2 . 7  

7 . 4  

9 . 4  
*Radial  i n t e r f e r e n c e  o r  growth, 
**Difference between t h e  r a d i u s  a t  t h e  c e n t e r  and of t h e  j o u r n a l  due t o  

temperature change and c e n t r i f u g a l  f o r c e  of t h e  beams, 
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A s  shown above t h e  temperature changes w i l l  reduce t h e  c o n t a c t  
i n t e r f e r e n c e  and c o n t a c t  p re s su re  f o r  t h e  H-11 j ou rna l  mounted on t h e  
M-2 s h a f t .  The o t h e r  j o u r n a l  materials w i l l  have an inc reased  i n t e r -  
f e rence  a t  lOOOOF over  room temperature.  A t  ope ra t ing  speed, t h e  
c e n t r i f u g a l  f o r c e  w i l l  tend t o  throw t h e  beams o u t  a g a i n s t  t h e  jou rna l .  
Because of t h e  r a d i a l  f l e x i b i l i t y  of t h e  beams and t h e  s t i f f n e s s  of t h e  
jou rna l ,  t h i s  c e n t r i f u g a l  f o r c e  i s  almost e n t i r e l y  supported by t h e  
jou rna l .  Therefore ,  bo th  t h e  temperature i n c r e a s e  (except f o r  t h e  
H-11 j o u r n a l  material)  and t h e  c e n t r i f u g a l  f o r c e  w i l l  t end  t o  i n c r e a s e  
the  c o n t a c t  p re s su re  between t h e  suppor t  beams and t h e  t es t  j o u r n a l .  
The d e f l e c t i o n  curves of t h e  t e s t  j o u r n a l s  due t o  t h e  above loads  are 
shown i n  F igure  44. 

The bending stresses i n  t h e  j o u r n a l  suppor t  beams are w e l l  w i t h i n  
t h e  accep tab le  range. The g r e a t e s t  stress a t  room temperature  in t h e  
jou rna l  suppor t  beam i s  1 1 2 , 5 0 0  p s i  ( y i e l d  p o i n t  >300,000 p s i ) ,  Max- 
imum stress a t  e l e v a t e d  temperature i s  93,600 p s i  ( y i e l d  p o i n t  a t  
l O O O O F  >200,000 p s i ) .  The tes t  j o u r n a l  i t s e l f  i s  l i g h t l y  s t r e s s e d  as  
evidenced by t h e  maximum t a n g e n t i a l  stresses presented  below f o r  
var ious  t e s t  j o u r n a l  materials: 

TEST JOURNAL TANGENTIAL STRESS (PSI) 

Material 

T Z M  

wc 
H - 1 1  

T-111 

Ro ta t iona l  
Component 

4 , 1 2 0  

6,000 

3,130 

6,700 

Tota l  
Contact Pressure  Tangent ia l  

Component S t r e s s  

4,340 8,460 

3,980 9,980 

4,070 7,200 

4,230 10,930 
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A s  mentioned previous ly ,  t h e  j o u r n a l  support  beams are formed 
from segments of t h e  t e s t  jou rna l .  Under most of t h e  load  cond i t ions ,  
t h e  beam i s  ben t  normal t o  t h e  a x i s  of minimum s e c t i o n  modulus, The 
beam can be considered as a beam f i x e d  a t  both ends and loaded by a 
uniform p r e s s u r e  i n  t h e  c e n t e r .  The equ iva len t  s p r i n g  c o n s t a n t  of 
t h i s  beam i s  K = 37,200 lb / in .  a t  room temperature  and 28,200 l b / i n .  

a t  1000OF. 
eq 

The i n d i v i d u a l  beams are r e l a t i v e l y  " so f t "  i n  t h e  r a d i a l  d i r ec -  
t i o n ,  as shown by t h e  s p r i n g  c o n s t a n t s  given above. However, t h e  
j o u r n a l  suppor t  system cons i s t s  of a t o t a l  of e i g h t  beams. When a 
s i n g l e  t r a n s v e r s e  load i s  app l i ed  t o  t h e  j o u r n a l ,  t h e s e  beams w i l l  be 
a t  var ious  o r i e n t a t i o n s  t o  t h e  load ,  so t h a t  t h e  e f f e c t i v e  bending 
s t i f f n e s s  of some beams w i l l  d i f f e r  cons iderably  from t h a t  c i t e d .  The 
t o t a l  s t i f f n e s s  of t h e  j o u r n a l  suppor ts  y i e l d s  an e f f e c t i v e  j o u r n a l  
s p r i n g  cons t an t  of 3. 9 . 1 0 6  l b / in .  I which i s  considered t o  be more than  
adequate ,  provided t h a t  s l i p p i n g  does n o t  occur .  A f t e r  s u f f i c i e n t  
load i s  app l i ed  t o  overcome t h e  s t a t i c  f r c t i o n ,  however, t h e  s t i f f n e s s  
w i l l  p rog res s ive ly  reduce a t  2 4 , 0 0 0  rpm, c o n t a c t  loads  between t h e  
jou rna l  and each beam are computed t o  be over  250 l b .  

During c a l i b r a t i o n  of t h e  f i lm- th ickness  t ransducer ,  t h e  j o u r n a l  
w i l l  be moved from t h e  c e n t e r  of t h e  bear ing .  Though t h e  bear ing  
c l ea rance  i s  l a r g e ,  a s m a l l  hydrodynamic f o r c e  w i l l  be genera ted  by 
t h e  r o t a t i o n  a t  t h i s  e c c e n t r i c i t y .  This  t r a n s v e r s e  f o r c e  of t h e  tes t  
jou rna l  w i l l  tend t o  d i s p l a c e  t h e  s h a f t  w i t h i n  i t s  gas - lub r i ca t ed  
jou rna l  bear ings .  The d e f l e c t i o n  a t  t h e  tes t  j o u r n a l  due t o  t h e  above 
f o r c e  depends upon t h e  s t i f f n e s s  of t h e  gas j o u r n a l  bear ings .  The 
e f fec t ive  s p r i n g  cons t an t  of t h e  gas  j o u r n a l  bear ings  r e s i s t i n g  loads  
a t  t h e  tes t  j o u r n a l  w i th  r e s p e c t  t o  displacements  a t  t h e  t es t  j o u r n a l  
i s  9,050 l b / i n . ,  based upon a r a d i a l  s t i f f n e s s  a t  each gas  bear ing  of 
50,000 lb / in .  Because hydrodynamic loads  developed a t  t h e  t e s t  j o u r n a l  
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are of the order of one lb, the associated radial deflections there 
may be significant. The presence of capacitance probes in two axial 
planes allows this deflection to be calculated, 

A l s o  at the operating conditions of 24,000 rpm and 1000°F, the 
potassium exists as a vapor in the annular region formed by the tie- 
bolt and the journal inside diameter, The liquid-vapor interface will 
exist at a radius of approximately O e 9  in, and should have a desirable 
effect upon rotor apparent mass unbalance, 

5.1.2 Calibration Test Rig Thermal Analysis 

A steady-state three-dimensional heat-transfer analysis was per- 
formed on the calibration rig, This analysis served to indicate what 
problems would occur due to operation of the potassium journal test 
chamber at 1000°F, 

The film-thickness calibration rig was modeled by the configura- 
tion shown in Figure 45, The areas of the calibration rig indicated 
in the figure by dashed lines form a transition from a round or axisym- 
metric geometry to rectangular forms, The true three-dimensional shape 
of these latter areas was used in the analysis, Besides those heat- 
transfer mechanisms indicated in the figures, the outer surfaces of 
the calibration rig were considered to be cooled by free convection to 
the surrounding air and by radiation to the walls of the room, The 
assumed boundary conditions are also shown in the figures. 

Figures 45% 46, and 47 show the isotherms in the test rig for 
cooling flows in the central tube of 0.5, 1, and 1 0  lb/min of air, 
The last value was taken as representative of the maximum cooling flow 
that could be reasonably expected with the available air supply. 
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Large thermal  g r a d i e n t s  e x i s t  i n  t h e  t i t a n i u m  base p l a t e  and t h e  
t o o l  steel  r o t a t i n g  s h a f t ,  By use of t h e  temperatures  shown i n  Fig- 
u r e  45, t h e  thermal  stresses i n  t h e  base  p l a t e  w e r e  c a l c u l a t e d ,  The 
maximum stresses w e r e  less than  one- th i rd  of t h e  y i e l d  stress of  t h e  
material  a t  9 0 0 ° F ,  The thermal  g r a d i e n t s  i n  t h e  r o t a t i n g  s h a f t  are 
p r imar i ly  a x i a l  g r a d i e n t s  andp t h u s ,  w i l l  n o t  cause s i g n i f i c a n t  
stresses because t h e  s h a f t  i s  f r e e  t o  expand a x i a l l y ,  

The effect  of t h e  thermal  g r a d i e n t s  on t h e  c l ea rance  of t h e  gas- 
l u b r i c a t e d  bea r ings  i s  shown i n  F igure  48, The minimum c lea rance  of 
t h e  bottom bea r ing  i s  decreased ,  and t h a t  of t h e  top  bea r ing  i s  
s l i g h t l y  inc reased ,  The middle graph ( 1 . 0  lb/min coo l ing  flow) shows 
t h e  f i n a l  c l ea rance  wi th  i n i t i a l  minimum c lea rance  of 0 .0010  and 
0 , 0 0 1 2  i n .  i n i t i a l  va lue .  A s  might be expected,  less change i n  t h e  
c l ea rance  occurs  wi th  t h e  larger coo l ing  flows i n  t h e  c e n t e r  t ube ,  

The temperature  g r a d i e n t  i n  t h e  adap te r  amount i s  somewhat g r e a t e r  
than  200'  i n i t i a l l y  assumed; howeverp t h e  stress i n  t h e  mount i s  suf -  
f i c i e n t l y  under the y i e l d  stress t h a t  no y i e l d i n g  should occur .  

The temperature  i n  t h e  area of t h e  p r e c i s i o n  d i a l  micrometers and 
t h e  l i n e a r  bea r ings  i s  i n  t h e  range of 200'F.  This  temperature  can 
cause cons iderable  inaccuracy i n  t h e  d i a l  micrometers, depending on 
t h e i r  materials and type  of cons t ruc t ion .  The m i c r o m e t e r s  w e r e  p ro tec-  
t e d  by thermally i n s u l a t i n g  t h e  mounting system. 

I t  w a s  concluded t h a t  no s i g n i f i c a n t  stress problems would occur  
due t o  thermal  g r a d i e n t s  w i t h i n  t h e  t es t  r i g ,  Howeverp t o  avoid t h e  
p o s s i b i l i t y  of c o n t a c t  between t h e  s h a f t  and t h e  gas- lubr ica ted  bear- 
i n g s ,  t h e  coo l ing  flow i n  t h e  c e n t e r  tube w a s  made as l a r g e  as p o s s i b l e .  
Fu r the r ,  t h e  i n i t i a l  c l ea rance  of t h e  bottom bear ing  w a s  i nc reased  t o  a 
minimum of 0 , 0 0 1 2  i n ,  due t o  l a r g e r  j o u r n a l  expansion a t  t h i s  bear ing .  
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5,2 C a l i b r a t i o n  Rig Tes t ing  and Resul t s  

C a l i b r a t i o n  t e s t i n g  was done on t h e  r i g  t o  provide a d d i t i o n a l ’  
experimental  support  t o  Task I s t a t i c  bench t e s t i n g ,  F i r s t ,  t h e  r i g  
w a s  employed t o  measure r o t a t i o n a l  e f f e c t s  on t h e  t ransducer  design 
v a r i a b l e s  empi r i ca l ly  explored under Task I bench tests.  N a K  w a s  used 
as the  f l u i d  f i l m ,  Second, fou r  p a i r s  of probes w e r e  c a l i b r a t e d  f o r  
use i n  t h e  500 h r  turbodynamic endurance run u t i l i z i n g  potassium dur- 
i ng  c a l i b r a t i o n ,  

5 ,2 .1  C a l i b r a t i o n  with NaK F i l m  

To supplement bench tests and t o  eva lua te  r o t a t i o n  e f f e c t  on 
t ransducer  s e n s i t i v i t y ,  a s tandard  t ransducer  w a s  f a b r i c a t e d  for  t es t -  
ing  i n  t h e  c a l i b r a t i o n  r i g ,  

The t ransducer  was f a b r i c a t e d  from Grade A lava  s tone  f o r  t h e  c o i l  
cores and t h e  windings composed of No. 36 n icke l -c lad  s i lver  w i r e  insu- 
l a t e d  with a Ceramicite coa t ing .  The c o i l  form o u t l i n e  i s  shown i n  
Figure 49, Af t e r  t h e  c o i l s  were wound wi th  w i r e  and e l e c t r i c a l l y  
matched, they w e r e  placed i n  holders  (Figure 50),  which can be i n s e r t e d  
i n t o  t h e  ins t rumenta t ion  housing, 

NaK was employed i n  t h e  annulus between t h e  t ransducer  and t h e  
jou rna l ,  Two s l eeve  m a t e r i a l s  w e r e  i n v e s t i g a t e d  us ing  a 316 s t a i n l e s s  
s teel  housing i n  each case ,  The f i r s t  t es t  w a s  run with a T Z M  s l eeve  
on t h e  journal--the second us ing  an A1203 s l e e v e ,  
with t h e  l i q u i d  NaK f i l m  a t  ambient temperature,  Table 3 presen t s  a 
summary of d a t a  taken f o r  each case ,  

Both tests w e r e  made 

A c l e a r  l u c i t e  housing was a l s o  f a b r i c a t e d  f o r  t h e  c a l i b r a t i o n  r i g  
i n  order  t o  f u l l y  observe t h e  process  of f i l l i n g  t h e  c a v i t y  w i t h  NaK, 
Rota t iona l  e f f e c t s  on t h e  f l u i d  f i l m  w e r e  a l s o  observed us ing  t h e  clear 
housing. 
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TABLE 3 
SENSITIVITY DATA FROM 

SEPTEMBER 4, 1968 TO SEPTEMBER 13, 1968 
Effects  of S h a f t  R o t a t i o n  on 

Transducer S e n s i t i v i t y  
(316 S t a i n l e s s  S t e e l  Housing) 

TZM Sleeve Material 

Speed, r p m  
0 

6,000 
10,000 

- 

Speed, r p m  
0 
0 
0 

9,500 
11,500 
15 i )  000 

sens i t i v i ty ,  v/rnil 
0,090 
0,090 
0,090 

A 1  0 Sleeve Material  -2-3 

S e n s i t i v i t y ,  v/mil 
0,097 
0,096 
0,099 
0.095 
0,093 
0.090 

The  d a t a  for  the TZM and A 1 2 0 3  sleeves a r e  shown on  F igu res  5 1  
and 52 along w i t h  s e n s i t i v i t y  values, It can be seen  t ha t  the sens i -  
t i v i t y  as  a func t ion  of speed i s  cons t an t  fo r  the TZM sleeve bu t  for 
the A 1  0 sleeve it s h o w s  a decrease  as the speed is increased,  T h i s  

decrease  may be due t o  a non-uniformity i n  the NaK f i l m  caused by 
the A1203  sleeve, 
around the A1203  sleeve because the NaK d i d  not  w e t  the sleeve 
s u r f  ace e 

2 3  

D i f f i c u l t y  w a s  experienced i n  f i l l i n g  the annulus 
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5.2.2 C a l i b r a t i o n  Tes t ing  wi th  Potassium F i l m  

Four f i l m  t h i ckness  t r ansduce r  p a i r s  w e r e  c a l i b r a t e d  f o r  u s e  i n  
t h e  500  h r  endurance t e s t  u t i l i z i n g  t h e  c a l i b r a t i o n  t e s t  r i g .  A T Z M  

sleeve w a s  used on t h e  r i g  s h a f t  and t h e  t r ansduce r s  w e r e  p laced  i n  a 
316 s t a i n l e s s  s teel  in s t rumen ta t ion  housing. The  c a l i b r a t i o n  procedure 
w a s  as fo l lows:  Two p a i r s  of coi ls  w e r e  p laced  i n  t h e  housing. A 

series of measurements w e r e  made w i t h  no potassium i n  t h e  r i g ,  over a 
displacement  range of t h e  r i g  shaf t  of k 0 . 0 0 5  i n .  and a temperature  
range t o  1000'F.  A t  t h e  e l e v a t e d  temperature ,  random r e s i s t a n c e  
i n c r e a s e  w a s  observed a t  t h e  probe ou tpu t .  These f a i l u r e s  w e r e  a t t r i b -  

u ted  t o  an i n c r e a s e  ir, c o i l  r e s i s t a n c e  wi th  temperature  and traced t o  
t h e  technique used t o  f a s t e n  t h e  c o i l  w i r e s  t o  t h e  ins t rument  t e rmina l  
p i n s ,  T h i s  problem w a s  remedied through techniques d i scussed  i n  
Sec t ion  5.2.2.1, 

A f t e r  t h e  empty measurements were completed, t h e  r i g  w a s  f i l l e d  

wi th  potassium and measurements performed over t h e  temperature  range 
of 400' t o  800°Fe These readings  w e r e  t aken  i n  t h e  same manner as t h e  
u n f i l l e d  measurements. I n  a l l  t h e  above cases, t h e  c a l i b r a t i o n  r i g  
w a s  no t  r o t a t i n g .  The r e s u l t i n g  c a l i b r a t i o n s  are shown i n  F igure  5 3 .  

S e n s i t i v i t y  va lues  ve r sus  temperature  are p l o t t e d  f o r  t h e  f o u r  sets of 
t r ansduce r s  t o  be used i n  t h e  t u r b i n e  run.  Only one p o i n t  i s  shown 
f o r  t r ansduce r  N o .  5 as h ighe r  temperature  measurements w e r e  made wi th  
an incomplete po ta s s ium- f i l l ,  and u n r e l i a b l e  s e n s i t i v i t y  va lues  
r e s u l t e d ,  

A f t e r  s t a t i c  measurements w e r e  com?leted, r o t a t i o n a l  d a t a  w e r e  
ob ta ined  on t w o  sets of t r ansduce r s  over t h e  s a m e  temperature  range as 
t h e  s t a t i c  measurements and wi th  r o t a t i o n a l  speeds t o  1 4 , 0 0 0  rpm, 
These data are p l o t t e d  as  t h e  upper e i g h t  curves  i n  F igure  5 4 .  I n  m o s t  
cases t h e  s e n s i t i v i t y  exper iences  a s l i g h t  decrease  w i t h  both speed and 
temperature .  T h i s  change i s  approximately 8 percen t  over t h e  tempera- 
t u r e  range tes ted,  Some of t h i s  change could be due t o  experimental  
error i n  the  measurements, 
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The bottom curve i n  Figure 54 i s  a c ros s -p lo t  showing t h e  change 
i n  s e n s i t i v i t y  wi th  speed a t  800'F c o i l  temperature f o r  t h e  t w o  t r ans -  
ducer p a i r s ,  The v a r i a t i o n  of s e n s i t i v i t y  wi th  speed i s  approximately 
5 pe rcen t  f o r  t ransducer  4 and 15 pe rcen t  f o r  t ransducer  5 a t  80O0F. 
However, t ransducer  5 experienced a change i n  s e n s i t i v i t y  dur ing  t h e  
l a t t e r  s t a g e s  of c a l i b r a t i o n ;  t h i s  may account f o r  i t s  l a r g e  change 
with speed. This  s e n s i t i v i t y  change w a s  t r a c e d  t o  t h e  t e rmina l  problem 
discussed  below. 

5.2.2.1 Terminal Connection Problems 

During a t tempts  t o  c a l i b r a t e  t h e  several sets of probes a t  
temperatures t o  1 0 0 0 ° F ,  s e v e r a l  c o i l  f a i l u r e s  w e r e  experienced i n  t h e  
temperature range from 800' t o  1000'F. These f a i l u r e s  w e r e  caused by 
an inc rease  i n  n e t  c o i l  e lec t r ica l  r e s i s t i v i t y .  The problem has been 
t r a c e d  t o  t h e  method of making t h e  junc t ion  between t h e  f i n e  (0.005-in. 
d i a )  c o i l  w i r e  and t h e  r e l a t i v e l y  coarse l ead  w i r e .  The technique used 
t o  f a s t e n  t h e  c o i l  w i r e s  t o  t h e  te rmina l  p ins  on t h e  c o i l  core i s  
dep ic t ed  i n  F igure  55A. Af t e r  t h e  w i r e  i s  i n s e r t e d  i n t o  t h e  tub ing ,  
t h e  tub ing  i s  crimped on to  t h e  w i r e .  During opera t ion  a t  temperature 
t h e s e  j o i n t s  apparent ly  ox id i ze  and i n c r e a s e  t h e  con tac t  r e s i s t a n c e .  

Following engineer ing  i n v e s t i g a t i o n  of t h e  problem and consul ta-  
t i o n  wi th  materials s p e c i a l i s t s  concerning t h e  technique,  an  improved 
method of making t h e  w i r e  j unc t ion  w a s  evolved. The improved method 
u t i l i z e s  a s m a l l  i n e r t  gas  arc-welder t o  f u s e  t h e  c o i l  w i r e  and l ead  
w i r e  t o  t h e  t e rmina l  p i n  as shown i n  Figure 55B. The t h r e e  components 
f u s e  i n t o  a compact, uniform, rounded bulb.  

APS -5 3 57 -R 
Page 1 0 4  



TRANSDUCER 5 

crl 

\ 
3 
2 

0-050, 

A 

0 042  0 RPM 
I I I I I I 

0 RPM 

0.050 

0 - 046 

0.042 

0.050 

0.046 

0.042 
400 60 0 800 400 600 800 

TEMPERATURE, F TEMPERATURE:, O F 

0.050 

0. 

0. 

046 

042 

0 5000 10,000 15 , 000 2 0 , 0 0 0  

TRANSDUCER 

JOURNAL SPEED,  RPM 

S E N S I T I V I T Y  V S  TEMPERATURE 
FIGURE 5 4  

A P S - 5 3  5 7 -R 
Page 1 0 5  

AND SPEED 



C O I L  COPS 
BEFO- 

IE LD IN G 

'YICREL LEAD, C O I L  WIRE AND 
T U B E J G  ARC XELDED 
137 ONE OPEPATIOY / 

TUBINC FLATTENED 
TO IIOLD C O I L  
WIX IN PLACE 

E ,  PSVISED ?-ETHOD OF C O I L  WIRE TEKKC'laATION 

FIGURE 55 

APS-5357-R 
Page 106 



-1 AIRESEARCH MANUFACTURING COMPANY RFARIZONA 
A DIVISION OF THE GARRElT CDRPORATION 

6 0 TURBODYNAMIC TESTING INCLUDING TURBINE: AND LOOP MODIFICATIONS 

The ob jec t ive  of Task I V  was a 500-hour v e r i f i c a t i o n  t e s t  of  t h e  
f i n a l  f i lm-thickness-probe conf igura t ion  r e s u l t i n g  from Tasks I and 11. 

This  v e r i f i c a t i o n  t e s t  w a s  t o  be done i n  a potassium t e s t  loop and 
wi th  u s e  of a 24,000-rpm supersonic  potassium bear ing  t e s t  t u r b i n e  
developed i n  1963-1964 on t h e  USAF/AEC SNAP 50-SPUR program. This  
loop had accumulated approximately 3,000 hours of opera t ing  t i m e  wi th  
vapor temperatures  up t o  1350°F and bear ing  l u b r i c a n t  temperatures  up 
t o  600°F. 
t i o n .  Since a l l  of t h e  major loop components were i n  s e r v i c e  through- 
out  t h e  3,000 hours of loop opera t ing  l i f e ,  any ques t ionable  loop 
components w e r e  re furb ished  as requi red  t o  provide t h e  maximum degree 
of r e l i a b i l i t y  f o r  t h e  500-hour t e s t .  

The loop w a s  i n i t i a l . 1 ~  t a r g e t e d  f o r  1000°F bear ing  opera- 

Unfortunately,  t h e  500-hour t e s t  was no t  completed although t r a n s -  
ducers  w e r e  f a b r i c a t e d ,  c a l i b r a t e d ,  and i n s t a l l e d  i n  t h e  r i g .  The 
500-hour t e s t  was begun, b u t  unforeseen potassium blockages i n  t h e  
r e fu rb i shed  loop combined with a lack of funding r e s u l t e d  i n  t es t  
d e f e r r a l  by t h e  program manager. The following s e c t i o n s  d e t a i l  t u r b i n e  
and loop modif icat ions done t o  prepare f o r  t h e  f i n a l  endurance t e s t .  

6 .1  Loop Modif icat ions 
-~ ~. 

A d e t a i l e d  v i s u a l  and past-performance in spec t ion  of the loop was 
made and t h e  following components o r  i t e m s  w e r e  i d e n t i f i e d  f o r  rework 
o r  replacement:  

(a)  H o t  Trap 

A new hot  t r a p  w a s  f a b r i c a t e d .  
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(b) Condenser Liquid-Level I n d i c a t o r  

R e b u i l t  and r e i n s t a l l e d  the condenser l i qu id - l eve l  
i n d i c a t o r  

(c )  Miscellaneous 

0 All argon and vacuum l i n e s  cleaned. 

0 E l e c t r i c a l  i g n i t i o n  on t h e  condenser gas  burner 
r epa i r ed  

0 A l l  loop sample l i n e s  ( t h r e e )  replaced.  

0 One more l a y e r  of i n s u l a t i o n  t o  t h e  emergency 
bear ing  l u b r i c a n t  l i n e  and tank  added. 

0 Checked o u t  a l l  trace h e a t e r s  and repa i red  as 
necessary,  

(d)  Valves 

3-in,  FCV-31 Turbine O u t l e t  - Secured i n  t h e  open 
p o s i t  ion 

2-in. FCV-1C Turbine Bypass - Replaced t h e  s t e m  and 
bellows with a v a i l a b l e  k i t .  

2-in,  FCV-1A Turb ine  I n l e t  - New valve and a c t u a t o r  
i n s t a l l e d .  

3/4-in,  FCV37 and 3 8  Bearing - Procured new remotely 
O u t l e t  operated va lves  and 

i n s t a l l e d  them, 
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3/4-in. V-62 and -62 Bearing - 
I n l e t  

3/4-in. V-60 and -61 Condenser - 
D r a i n  Line  

The hand-operated va lves  
were t o o  b i g  f o r  c l o s e  con- 
t r o l  of bear ing  flows. 
Therefore,  procured and i n -  
s t a l l e d  new 3/8-in. remotely 
operated f low-control va lves  - 

Procured and i n s t a l l e d  new 
va lves  i n  t h e  condenser and 
b o i l e r  d r a i n  l i n e s  t o  a i d  
i n  loop dra inage .  

I n  add i t ion ,  1000°F p res su re  t r ansduce r s  w e r e  obtained t o  monitor 
potassium vapor pressure  dur ing  loop opera t ion .  Af t e r  incorpora t ion  
of a l l  modi f ica t ions  i n t o  t h e  loop, l i q u i d  flow w a s  e s t a b l i s h e d  i n  a l l  

l i q u i d  flow c i r c u i t s  by a 48-hour gradual  loop hea t ing  process .  

On A p r i l  18,  1968, b o i l i n g  was i n i t i a t e d ,  and t h e  temperatures  
i n  t h e  bear ing  feed l i n e s  w e r e  g radua l ly  increased .  A t  approximately 
2300 hours on A p r i l  18, condi t ions  w e r e  1390°F vapor and 950°F bear ing  
l i q u i d - - j u s t  s h o r t  of t h e  t e s t  ob jec t ive  of 1390°F vapor and 1000°F 

bear ing  l i q u i d .  A t  approximately 2330 hours,  a potassium leak w a s  
discovered t h a t  n e c e s s i t a t e d  loop shutdown. The leak occurred a t  t h e  
tee  where t h e  bear ing  d r a i n  l i n e  en ters  t h e  vapor l i n e  r e t u r n i n g  t o  
t h e  condenser. The loop w a s  immediately blanketed wi th  an argon cover 
t o  fo rce  drainage i n t o  t h e  sump. The thermai shock of t h e  co ld  argon 
e n t e r i n g  t h e  loop near t h e  h o t  b o i l e r  discharge caused a secondary 
crack i n  t h e  weld where those  two l i n e s  j o i n ,  The loop w a s  dumped 
without  f u r t h e r  i nc iden t .  Pos i t i ve  pressure  w a s  maintained on t h e  
loop a t  a l l  t i m e s  t o  prevent  i n f l u x  of a i r ,  

Close in spec t ion  revealed t h a t  t h e  primary leak had occurred i n  
t h e  middle of t h e  t o p  of a forged tee.  This  tee  was an o r i g i n a l  i t e m  
of loop plumbing having been i n  s e r v i c e  f o r  about 3,000 hours  of 
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opera t ion  p r i o r  t o  t h e  leak. The secondary leak occurred a t  t h e  weld 
where t h e  b lanket ing  argon supply en te red  t h e  b o i l e r  discharge l i n e ,  

Me ta l lu rg ica l  examination of t h e  f a i l e d  p ipe  s e c t i o n s  removed 
from t h e  loop ind ica t ed  t h e  fol lowing f a i l u r e  modes. 

(a )  Arson I n l e t  T e e  - Fa i l ed  due t o  excessive thermal stress 
r e s u l t i n g  from shock of cool  argon e n t e r i n g  hot pipe.  

(b) Potassium Liquid-Vapor Tee  - Fa i l ed  due t o  thermal f a t i g u e  
r e s u l t i n g  from mixing of r e l a t i v e l y  cool  (600° t o  1000°F) 
potassium l i q u i d  w i t h  h o t  ( 135O0F) potassium vapor.  

Both of t h e s e  f a i l e d  s e c t i o n s  w e r e  replaced and presented no 
f u r t h e r  problems f o r  t h e  du ra t ion  of t h e  program. 

The argon i n l e t  tee i s  used  only i n  case of loop f a i l u r e  a t  some 
o t h e r  p o i n t .  Argon i s  dumped i n t o  t h e  loop t o  p r e s s u r i z e  t h e  loop 
potassium i n t o  t h e  sump and t o  prevent  atmospheric con tac t  w i t h  t h e  
h o t  potassium. 

The o ld  potassium liquid-vapor tee  had been i n  s e r v i c e  approxi- 
mately 3000 hours  w i t h  600°F bea r ing  discharge l i q u i d  mixing w i t h  

1350°F vapor, The p re sen t  program c a l l s  for bear ing  l u b r i c a n t  temper- 
a t u r e s  above 600°F, a condi t ion  which  w o u l d  tehd t o  lessen  thermal 
f a t i g u e  on t h e  subject tee ,  

Approximately 3-5 hours  of b o i l i n g  had taken p l ace  before  the 

leak occurred e 

P r i o r  t o  the  d e t e c t i o n  of t h e  l eak ,  no loop problems had been 
encountered, The bear ing  l i n e  f l o w  temperatures  w e r e  j u s t  s h o r t  of 

t h e  1000°F o b j e c t i v e  temperature ,  and ample r e se rve  hea t ing  capac i ty  
w a s  s t i l l  a v a i l a b l e  t o  push w e l l  beyond 1000°F. 
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6.2 Turbine Modif icat ions 

The t u r b i n e  ope ra t ing  i n  t h e  t e s t  loop i s  a s ing le-s tage ,  impulse- 
bladed, par t ia l -admiss ion  , 1350°F, saturated-vapor ,  supersonic  t u r b i n e .  
A schematic c r o s s  s e c t i o n  of t h e  o r i g i n a l  u n i t  i s  shown i n  Figure 56 
and t h e  u n i t  i s  shown disassembled i n  Figure 57. The t e s t  bea r ings  
are straddle-mounted, w i th  dynamic s l i n g e r  seals sepa ra t ing  t h e  bear- 
ing l i q u i d  from t h e  t u r b i n e  vapor.  Pivoted-pad bear ings  have been 
operated f o r  2 ,000  hours during a s i n g l e  run wi th  600°F l u b r i c a n t  i n  
t h i s  uni t . ,  

The o r i g i n a l  ins t rumenta t ion  housings,  each conta in ing  two p a i r s  
of eddy-current f i lm-thickness-sensing c o i l s  w e r e  mounted outboard of 
t h e  t e s t  bear ings .  Two c o i l s  mounted d i a m e t r i c a l l y  oppos i te  t o  each 
o t h e r  on each s i d e  of t h e  jou rna l  s h a f t  and two sets of  c o i l s  l oca t ed  
a t  90 degrees  t o  each o t h e r  permit ted d e t e c t i o n  of t h e  change i n  f i lm  
th i ckness  due t o  motion of  t he  s h a f t  i n  any r a d i a l  d i r e c t i o n .  This  
measurement produces t h e  x-y coord ina tes  of t h e  a x i s  of r o t a t i o n  of 

t h e  s h a f t .  

Unfortunately,  t h e  o r i g i n a l  design of t h e  bear ing  conf igura t ion  
d i d  not  permit l o c a t i o n  of t h e  f i lm-thickness  t ransducers  i n ,  o r  very 
c l o s e  t o ,  t h e  bear ings ;  t h e r e f o r e ,  t h e  t r ansduce r s  w e r e  mounted seve ra l  
inches outboard of t h e  bear ings .  The r a d i a l  c learance  between t h e  
jou rna l  and t h e  t ransducer  holder  w a s  designed t o  be 0.015 i n .  This  
t ransducer  l oca t ion  imposed s e v e r a l  accuracy l i m i t a t i o n s  on t h e  system. 
The r o t a t i n g  sensing su r face  w a s  a p iece  sepa ra t e  from t h e  bear ing  
jou rna l  and r equ i r ed  two c o n c e n t r i c i t y  t o l e r a n c e s  t o  be included i n  
t h e  reading. The o r i g i n a l  housing design was such t h a t  no in-place 
c a l i b r a t i o n  could be obtained,  and f a i l u r e  of  a c o i l  meant t e s t  shut-  
down and u n i t  disassembly. 

A fundamental ground r u l e  of t h e  t u r b i n e  modif icat ion t a s k  w a s  t o  
overcome t h e s e  shortcomings i n  t h e  o r i g i n a l  r i g .  
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I n i t i a l  temperature cyc l ing  from room temperature t o  P200°F re- 
vealed t h a t  t h e  o r i g i n a l  asymmetrical t u r b i n e  housings changed housing 
bo re  dimension by 0.002-inch due t o  thermal expansion. Me ta l lu rg ica l  
i n v e s t i g a t i o n  and thermal a n a l y s i s  of t h e  requi red .  housing design 
revealed Haynes S t e l l i t e  31  t o  be a s u i t a b l e  material, Therefore ,  
new housings,  as symmetrical as poss ib l e ,  w e r e  cast and machined from 
t h i s  material. 

6.3 Turbine  T e s t i n q  

6.3 .) 1 I n i t i a l  Checkout 

A s  an i n i t i a l  checkout t es t  t h e  bear ing/ instrumentat ion t e s t  
t u r b i n e  was assembled and operated t o  24,000 rpm using water  a s  t h e  
bear ing  l u b r i c a n t  and p l a n t  a i r  as t h e  t u r b i n e  working f l u i d .  The 
bear ings  used were i d e n t i c a l  t o  those  proven during a 2,000-hour 
potassium t e s t  during t h e  earlier SNAP 50/SPUR program, No problems 
w e r e  encountered dur ing  t h i s  t e s t i n g .  

The t e s t  t u r b i n e  w a s  then  disassembled, cleaned, reassembled, 
and he rme t i ca l ly  sea led .  The displacement and speed monitoring 
ins t rumenta t ion  may be disassembled from o u t s i d e  t h e  r i g .  N e x t ,  the 
t u r b i n e  w a s  welded i n t o  t h e  turbodynamic t e s t  loop i n  prepara t ion  
f o r  t h e  500-hour endurance t e s t  

FQll0WiJ-q t h e  c a l i b r a t i o n  descr ibed i n  Sec t ion  5.2-2, t h e  four  
500-hour co i l  p a i r s  w e r e  i n s t a l l e d  i n  t h e  bear ing/ instrumentat ion 
t e s t  t u r b i n e .  

On June 21, 1969, heat-up of  t h e  turbodynamic loop w a s  i n i t i a t e d  
and soon a f t e r ,  potassium flow w a s  e s t a b l i s h e d  i n  t h e  loop. It w a s  
immediately apparent  t h a t  t h e  b o i l e r  d r a i n  l i n e  w a s  plugged. However, 
b o i l i n g  could s t i l l  be handled i n  t h e  loop providing c a r e f u l  c o n t r o l  
w a s  maintained i n  c o n t r o l l i n g  flow rate i n t o  t h e  b o i l e r  v i a  t h e  b o i l e r  
feed pump. 
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On June 22 ,  1969, s t eady- s t a t e  b o i l i n g  condi t ions  w e r e  e s t a b l i s h e d  
i n  t h e  loop, b u t  soon t h e r e a f t e r  t h e  h o t  t r a p  l i n e  and one of t h e  
bear ing  feed l i n e s  became plugged. Repeated a t tempts  t o  open t h e s e  
c i r c u i t s  m e t  w i th  f a i l u r e  and f i n a l l y  on June 26, 1969, f u r t h e r  
a t tempts  w e r e  terminated and t h e  loop w a s  shu t  down. 

Due t o  a shor tage  of  a v a i l a b l e  funding, t h e  program w a s  terminated 
a t  t h i s  po in t  by t h e  NASA program manager. 
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Attent ion:  Library  - 1 

.MSR-Gddard Space F l i g h t  Ccnter 
Greenbelt ,  Maryland 20771 
At t en t i sn :  Library - 1 

J e t  Prapuls ion Laboratary 
4800 Oak Grove Drive 
'Pasadena, Ca l i fo rn ia  91103 
Attent ion:  Library  - 1 

Lance Hays - 1 

NASA-Manned Spacecraf t  Ccnter 
H m s t w ,  Texas 'i7058 
Attent ion:  Library  - 1 

AIlC Headquarters 
Space Nuclear Systems Divis ion 
Germantown, Maryland 2O5h5 
Attent ion:  C. Johnson - 2 

U .S. Atomic Energy Commissian 
Technical Information Service 

Ext e 

P. 0 .  B ~ X  62 
Oak Ridge,, Tennessee 37831 

A i r  F x c e  SyEterns Cmmand 
Aeronaut ical  Syctems D i v i s i m  
Wright -Pa t te rsm A i r  Farce Base, 
Ohio 451~38 
A t t e n t i m :  Library - 1 

B r  mlrha ven Na t iona 1 Lab 31" at 3ry  
Associated UniversiLicr , Iric. 
Uptm, Lmg Is land ,  N.Y. 11973 
At ten t ion :  D r  . 0 .E. Dwyer 
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Bureau of  Naval Weapons 
Department of t h e  Navy 
Washingtan, D. C .  20025, 
Attent ion:  C3de Rf3P - 1 

I n s t i t u t e  f o r  Defense Analyses 
400 Army-Navy Drive 
Arlington, V i rg in i a  22202 
Attent ion:  Library - 1 

Office of Naval Research 
Department o€ t h e  Navy 
Washington, D. C.  20025 
At ten t ion :  D r .  Ralph Raberts - 1 

Naval F a c i l i t i e s  Engineering Command 
P. 0. Box 610 
F a l l s  Church, Vi rg in ia  22046 
Attent ion:  Library  - 1 

Bureau o f  Ships 
Department of t h e  Navy 
Washington, D. C. 20025 
At ten t ion : '  L. Graves - 1 

Univers i ty  of Virg in ia  
School of Engineering & 

Dept. ai' Mechanical Engineering . 
Char lck tesv i l le ,  Vi rg in ia  22903 
Attent ion:  D r .  E.J. Gunter, .Jr. - 1 

Applied Science 

Univers i ty  3f Maryland 
College of Engineering 
College Park,  Maryland 207hO 
Attention:,  M. E ,  'Ta l a s t  - 1 

Massachusetts I n s t i t u t e  of Tech. 
Cambridge Mas sachu set t s 02139 
Attent ion:  Library  - 1 

Rattelle Memorial I n s t i t u t e  
505 King Avenue 
Columbus, Oh.io 43201 
Attent ion:  Library  - 1 

Power In fo rma t im Center 
Univers i ty  af Pennsylvania 
3401 Market S t r e e t ,  R m m  2107 
Phi ladelphia ,  Pennsylvania 19104 

Aerospace C,?rp:)ratj on 
2350 East EUc~uic lo  Blvrl. 
EEeWndo, Ca l i fo rn ia  90045 
Attent ion:  H.T. Sampson - 1 

AVCO-Bay' S t a t e  Abrasives DivisiDn 
Westboro, Massachusetts 01581 
Attent ion:  GeSrge Her te r ick  - 1 

U.S. Naval Bailer  and Turbine Ltb. 
Phi lade lphia ,  Pennsylvania l 9 l L l O  
Attent ion:  Library  - I 
Aero je t -General  C x p a r s t i o n  
Van Karman Center 
Azusa, Ca l i fo rn ia  91702 
Attent ion:  Library  - 1 
Bendix Research Labs. Division 
Det ro i t ,  Michigan 48232 
At ten t ion :  Library  - 1 

Bar g- War ne r  C 3r para t 1 an 
Pesco Products Divici.oii 
24700 N x t h  Miles R m d  
Bedford, OhiD h401b 
Attent ion:  Library - 1 

Continental  Aviat ion & 

12700 Kercheval Avenue 
De t ro i t ,  Michigan 48215 

Engineering Corporation 

At t en t  ion: Library 

The BQeing Company 
Aer 3- Space Div is  i m  
B ~ x  3707 
S e a t t l e ,  Wa sh ingt  an 
Attent ion:  Library 

- 1  

9812h 
- 1  

C u r t i s  s-'GJright Corpwat ion  
Wright Aero Divis ion 
Main and Pasgaic  S t r e e t s  
Waadridce, New Jersey 0707$ 
Attent ian :  Library - 1 

Cansolidated Cmt ro lo  Corp. 
15 Durant Avenue 
Bethel,  Cmnect icu t  06801 
At ten t ian :  Library -. 1 
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Gar rc t t  Cxporctt  i sn  
AiRcscarch Mannfacturing C \mpany 
402 S ru th  36 S t r e e t  

. Phoenix, Arizana 85034 
At ten t ian :  R .  A Rackley - 1 

Gar re t t  C x p x a t  i on  
A iRe sear c .ti Manu f a c t u r  i ng C *Jmpany 
9851 Sepulveda Blvd. 
L x  Angelec, C a l i f a r n i a  90009 
A t t e n t i m :  1\1. G. Cmmbs - 1 

General Dynamics C x p a r a t i m  
16501 Brmkpark R2ad 
Cleveland, Ohia 44142 
At ten t ian :  Library  - 1 

General E l e c t r i c  Cmpany 
Miss i le  & Space’ Vehicle Dept. 
3198 Chestnut S t r e e t  
Phi lade lphia ,  Pennsylvania 19104 
At ten t ion :  Library  - 1 

General E l e c t r i c  Campany 
Lynn, Massachusetts 01905 
At ten t ion :  Library  - 1 

General E l e c t r i c  C3mpany 
Mechanical Technolsgy LabDratory 
R&D Center 
Schenectady, New Yark 12301 
Attent ian :  Library  - 1 

Genera 1 E le  C t r i c .C mpa ny 
F l i g h t  PrDpulsion Laboratmy Div. 
Cinc inna t i ,  Ohi:, 45215 
Attent ian :  Library  - 1 

General E l e c t r i c  Csmpany 
Large Stcam Turbine-Generator Dept. 
Schenectady, New Ynrk  12301 
At t en t i an :  Mr. E. 13. Miller 

General Matars C r rpara t ion  
Indianapol i s ,  Indiana !16206 
AttcntiDn: Library - 1 

Frank.1.1.n In: . l .+ t u t c  Rc:mwoh 
Lab3rn I;:ries 

Ben jamin Frankl in  Parkway 
a t  20th S t r e e t  

Phi lade lphia ,  Pennsylvania 19103 
At t en t i an :  Library - 1 

Lear S i c g l e r ,  Inc .  
3171 S. Bundy D r 3 . w  
Santa  Mmicn, C a l i f x n i a  gOhC6 
At t en t i an :  Library  - 1 

Lockheed Miss i les  &. Space Cc?. 
P. 0 B 3 X  504 
Sunnyvale, , c a l i f a r n i a  94088 
At ten t ian :  Library - 1 

McDonne11- Dougla s C x p o r a t  i an 
Space S t a t i o n  Off ice  
Huntingtan Beach, C a l i f a r n i a  
At t en t i an :  R Gervais - 2 

McDmnell-Daugla s C z p o r a t  i a n  
Lambert F i e  Id 
S t .  Louis, Missouri  63166 
At ten t ian :  Library  - 1 

Narth American R x k w e l l  Carp. 
Space D i v i s i m  
12214 Lakewoad Blvd . 
DDwney, C a l i f a r n i a  
At t en t i an :  A .  Nussberger - 1 

C .  GaUld - 1 

NWch American Rackwell 
Atamics I n t e r n a t i a n a l  Divieian 
P. 0 .  B3x 309 . 
8900 DeSata Avenue 
Canaga Park, Ca l i f a rn i a  31304 
At ten t ion :  T .  A. M x r :  - 2 

Dire c t or , Li quid Met a 1 I I i f  orma- 
t i a n  Center - 1 

Narthern Reecarch & Engineering C 3 .  
219 Vaeoar S t r e e t  
Cambr 
At t cn t i an :  Library - 1 

:: ca chu P e t t s O2l3 :) 
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Oak R i d p :  Nat-imLL Labaratwy 
P. 0 .  B x  Y 
Oak Ridge, Tennessee 3-7831 
At ten t ian :  D r .  Arthur F ras s .  

Mechanical Techn3lDgy, I n c  
968 Albany-Shaker R x i t  
Latham, New Yark 12110 
Attent im:  L?’ l ra ry  - 2 

S d u r  Div? ::?on of‘ IIi terriat  i.niial 
TJarvestcr 

2200 P a c i f i c  Highway 
San Diega, Ca l i fo rn ia  92112 
At ten t ton :  Library - 1 . 

Sunstrand Denver 
2480 West 70th Avenue 
Denver, C3laraitD 80221 
At ten t ion ;  Library - 1 

TRV Syet.em.=, Divis ion 
One Space Park 
Redond:, Beach, Ca l i fo rn ia  90278 
Attent ion:  Library: - 1 

Union Carbide Carporat ian 
Linde Divis ion 
P. 0. Bax 44 
Tmawanda, New Yark 14152 
Attent ion:  Library  - 1 

United Aircraf t  Research Lab 
Eas t  Hartford9 -Connecticut 06108 

-4 -- - A t t e n t i m :  Library - 1 

We o t ingh:)u!:e E l e c t r i c  Corp . 
Steam Di.vi:;im 
Les te r  El-anch,’ P. 0. BZIX 9175 
Phi lade lphia ,  Pa. 1-9113 
Attent ion:  W. G .  S t e l t z  

W i l l i a m s  Research 
Walled Lake, M’ichigan 48088 
At ten t ion :  Lihrarg - 1 

C e n e r n l  11: Icc t r  i c: C3mpnny 
Nuclcnr Syytem:- Pr?;y-arns 
P. 0 .  R ~ x  1!>132 
Cincinnat i ,  Ohia !+5215 
Attent ian :  D. F. Huebner - 2 

Westinghwse E l e c t r i c  Carporat ian 
Aetronuclear Laboratary 
P. 0. Sax 10864 
Pi t t sburgh ,  Pennsylvania 15236’ ,,-- 
Attent ion:  Library - 1 *- 

W. D. PaUChot - 1 
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